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FOREWORD

This final technical report describes the work performed
under Contract No. F33615-77-C-5109, Project No. 2419/0304,
from 1 August 1977 to 31 January 1980. The program was spon-
sored by the Materials Laboratory, Air Force Wright Aeronaut-
ical Laboratories, Air Force Systems Cormrand, Wright-Patterson
Air Force Base, OH 45433, with Dr. J. M. Whitney, AFWAL/MLBM,
as Project Engineer.

Dr. K. G. Kibler, the General Dynamics' Fort Vorth NDivision
Program Manager, acknowledges the guidance of Dr. W. G. Knauss
(California Institute of Technology), and Drs. R. A. Schanery
and Y. Weitsman (Texas A & M University) in this program. Many
technical personnel at General Dynamics contributed to this
program, including Messrs. T. S. Creasy, J. E. Halkias, J. D.
Reynolds, W. S. Robinson, J. H. Fruit, G. W. Matlock, R. L.
Jones, E. D. Dawson, W. S. Margolis, J. W. Head, R. L. Ratzlaff,
J. R. Eisenmann, F. C. Nordquist, H. C. Hoffman, and ¥s. J. R.
DeZern.
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SECTION I

1. TINTRODUCTION

The use of graphite-epoxy composites for aerospace struc-
tural applications has evolved as a result of their mechanical
properties, such as high strength-to-weight ratio, and their
tailorability of design, relative to conventional materials.
The composite constituent materials are usually assumed to re-
spond to external inputs in a linearly elastic manner, and this
feature is reflected in the common analytical methodologies
used. It must be recognized, however, that composites do ex-
hibit a significant amount of time, temperature, and moisture
dependent behavior, particularly in service-type environments.
In fact, the problem of time influences the behavior of these
materiale in several ways; e.g., the time of exposure to envir-
onment, the age of the material, and the time (duration) of a
particular loading condition.

Although much research has been conducted on the visco-
elastic behavior of polymers and the particulate-filled compos-
ites, only limited invesrigations on the time-dependence of
fibrous composites had been accomplished through 1975 (Ref. 1-7,
e.g.) Recent years have witnessed rapidly expanding activities
directed more specifically at time-dependent behavior of ad-
vanced composite materials systems of particular interest for
aerospace applications (Ref. 8-11). These wcrks have established
that although the behavior of fibrous composites is in general
not linearly viscoelastic, there is often a considerable range
of input (temperature, humidity, load) where linear response
may at least be a very appropriate approximation.

The overall objective of this program was to determine
analytically and experimentally the coupled and uncoupled effects
of temperature and absorbed moisture on the time-dependent mech-
anical properties of unidirectional and laminated graphite-
epoxy composites.

The scope of these investigations included experimental
creep and stress relaxation measurements on two material systems;
the development of analytical methodologies to predict time-

PO - - -




dependent mechanical response; an assessment of the effects of
non-uniform moisture distribution on mechanical properties; and
the development of an analytical procedure for optimizing cure
cvcles to reduce residua® stress.

The technical investigations to fulfill these objectives
were conducted in six interrelated experimental and analytical
tasks, which may be briefly described as follows:

o Specimen Preparation
and Baseline Data

o Time-Deperdent Data

o Expansional Strains

o Analytical Methodology

o Effects of Non-Uniform
Moisture Distribution

fabrication, quality assurance,
environmental conditioning of
unidirectional and laminated
tensile coupons of two material
systems; and measurement of
tensile stress-strain curves

in the principal iaterial direc-
tions at room rfemperature and
elevated temperature for speci-
mens drv and with two prescribed
moisture contents.

measurement of creep and stress
relaxation response in the prin-
cipal material direction at room
temperature and four elevated
temperatures for dry specimens
and for those conditioned to two
prescribed moisture contents,
followed by room temperature re-
sidual strength tests.

measurement of longitudinal and
transverse expansional strains

due to temperature and moisture,
including dry and wet glass tran-
sition temperature determinations.

development of analytical proced-
ures to predict the tim2-dependent
mechanical behavior of laminae and
laminates, including the effects
of residual stresses.

experimental and analytical assess-
ment ar.d demonstration of the ef-
fects of non-uniform moisture dis-
tribution.
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o Cure Cycle Optimization - development of an analvtical
procedure to minimize residual
stresses induced during the
cure cycle.

These investigations, and their inter-relationships, are
schematically outlined in Figure 1.

The present work summarizes these investigations to obtain
generic information on the time-dependent mechanical behavior
of graphite-epoxy composites used in aerospace structures. Re-
suits are presented for twc material systems: Larmco T300/5208
and Hercules AS/3502, both presently used in F-16 aircraft pro-
duciion. Experimental and analytical results are described for
the individual and coupled eiffects of temperature and absorbed
molisture on the tensile static and creep properties of unidirec-
ticnal and cross-plied composites. Mechanical response was mea-
sureda at room temperature and Several elevated temperatures (up

to the glass transition region of the materials) for dry specimens

and for specimens saturated at 75% and 95% relative humidity.

Superposition techniques were used to determine time-tem-
perature-moisture master curves from the results for individual
temperature and moisture conditions. These experimental char-
acterizations were then used with conventional or slightly modi-
fiead analytical techniques to predict time-dependent laminate
response, in order to ascertain the magnitude and importance of
time, temperature, and humidity effects on structural composites.

Figure 2 briefly summarizes the test environments used for

static and creep testing, while Figure 3 demonstrates the over-
all features of the test/prediction scheme employed.

In the feollowing sections are described the procedures and
results for each of the tasks indicated previously in Figure 1.
3
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2. BASELINE DATA

Summary details are provided in this section of the mater-
ial characteristics; specimen preparation, inspection, and con-
ditioning; and the baseline tensile stress-strain results. Com-

plece baseline tensile data are rep. ted in Appendix A to this
report.

2.1 Materials

All experiments performed in this program utilized coupons
fabricated from two material systems: T300,/5208 (Narmco) and
AS/3502 (Hercules). Both materials are currently used by Generai
Dynumics in F-16 production. As will be seen from the results to
te presented throughout this report, these materials systems are
similar in their physical characteristics and mechanical behavior.

Figure 4 shows a typical liquid chromatographic scan of the
two resin systems and demonstrates their similar chemical char-
acteristics. The as-received Herculegs material tends to exhibit
less of the reaction product than Narmco's material. This sug-
gescts thac Hercules may use a somewhat greater amount of the
high-viscosity minor epoxy and thus does not need to advance the
material as far as Narmco does to achieve the same viscosity.

2.2 Specimen Preparation

All specimens and coupons used in this program were accep-
ted, processed, and inspected in accordance with stancdard General
Dynamics' material and processing specification as briefly out-
lined in Appendix B. Except for thermal- and moisture-expansion
specimens and moisture travelers, the coupons were of the de-
signs shown in Figure 5 All coupons mechanically tested were
instrumented with 2 axial gages on opposite sides of the sreci-
men as indicated in Figure 5. 1In each set of renlicates for

(0)¢g and (TAS)C tests, a transverse gage was also used for ob-
taining Poisson ratio data.

il
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A summary of the test coupons for mechanical response and
theiy utilization is indicated below:

o0 Unidirectional Composite Properties

- Baseline (e
- Creep/Relaxation (90)35
- Residual Strength (t45) 5g

o Laminated Composite Properties

- Basecline (0/%45)g
- Creep/Relaxation (90/f45)s
- Residual Strength (0/90/%45) ¢4
o "Thick' Specimen Properties
- Effects of lon-Uniform (90/f&5)as
Moisture Listrition (Y45) ¢ g

All materials were cured per General Dynamics' specifica-
tion which culminates with a 2-hour hold at 453°K (355°F) with
5.9 x 102 N/m2 (85 psi) pressure, followed by a subsequent post-
cure for 6 hours at 453°9K.

As previously noted, the quality assurance provisions fov
materials and processing were conducted as outlined in Appendix
B. Inspection of specimens per that plan did reveal irregular-
ities in certain sets of (50/%T45). and 0° coupons. New coupons
were subsequently fabricated. The tensile data presented in
Appendix A indicate that problems still existed with some of
the unidirectional coupons. Since the 00 coupcns are highly
sensitive to end tab misalignments, we believe that end grip
features account for most of the test variabilities. Since
the primery purpose of the baseline tensile data was to aid in
chocsing stress/strain levels for the time~dependent tests, the
end grip problems were likely not a factor for the remainder of
the program since subsequent tests we.se conducted well below
the region of tensile ultimate prorerties.

Tablc 1 cumrarizes the tvnical thickn:ss variations nnted
for four differnt layups of each material. Our past experience
had indicated that more thickness variation occurs in systems

T SRR T T
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using the AS [iber compared to T300, and this observation was
borne out by the nieasurements given in the table. Both mater-
ials werce, however, within ourrominal ply thickness requirement,
0.14 T 00l cm (.0055 t .0004 in.).

e e . 8 - SRR 2

TABLL I. Typical Thickness Variation In Test Coupons
- \
Layup Thickness/Ply (cm)
T300/5208 AS/3502
(0 g .0140-.0147 .0123-.0147
(féb)zs .0141-.0148 .0134-.0146
(90015 .0135-.0141 .0122-.0142
(*45) 65 0134-.0139 | .0127-.0132
!
Mean Thickness;Ply 0Lal em {.0UG055 1in): 0134 ¢ (.0053 in)
Standard Deviation { .0005 cm (.0002 in)| .0010 cm (.0004 in)
l - H

Table II sunmarizes resin content, specific gravity and
fiber volume, V¢, for the cured coupons. In all cases except
those labeled "(0)g large', the measurements were conducted on
test tabs cut from the panels used for tensile coupon fabrica-
tion. The large (0)g panels were especially fabricated to pro-
vide the sizable number of unidirectional specimens (normally
3 cm. square) used for moisture-induced swelling measurements.
Two separate determinations of resin content were made on 24-
ply tabs to obtain an estimate of the through-the-thickness
resin content gradient.

2.3 Environmental Conditioning

cbtained under dry and wet (saturated L0 uniform moisture con-
tent at two different humidities) conditions. Coupons for dry
tests were initally desiccated for several days at moderately

rilevated temperatures (322-3299K), tren stored in desiccant at
RT until cest.

% For each coupon type tested in this program, results were
{
{
{
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Wet coupons were moisture-conditioned to saturation at
3390K (150°F) in 75% and 95 RH. The latter humidity was
selected to provide the greatest amplification of moisture
effects without immersion conditioning. The 75% RH represents
a worst-case service condition. These specimens were supported
on racks in the humidified stagnant air space above saturated
salt solutions of lead nitrate ( 95% RH) and sodium chloride
( 75% RH). Coupon end tabs were wrapped with aluminized tape
to retard moisture ingress during conditioning. As previously
indicated in Figure 2, typical saturation moisture contents
for these two conditions were 1.0-1.2% and 1.4-1.5% by weight.

Section IV details the moisture absorption characreristics of
these materials.

2.4 Baseline Tensile Tests

After appropriate environmental conditioning was completed,
coupons to be tested were strain-gaged, then reconditioned (if
wet) as necessary. Micro-measurements CEA-06-250UW-350 foil
gages (350 ohms), .64 cm (.25 in) long, were bonded to the cou-
pons with Eastman 910 adhesive for RT tests, and wich M-Bond 600
fer all elevated temperature and wet tests. This latter adhe-
sive requires baking at 450°K (350°T) for %4 hour for curc. After
this bake, the wet coupons were then reconditicned for three days
in the appropriate humidity chamber to re-establish the outer-
plys' moisture level lost in the bake.

All baseline tensile tests were performed with an Instron
tester controlled bv a Hewlett-Fackard Model BO50B computer.
The system includes a 1l0-channel scanner for strain gage reading,
a 10-channel actuator scanner of control of the locad machine,
and a B & F signal conditioner for the strain gage inputs. The
load and strain inputs are processed by the computer and output
via thermal printer and plottec. A typical sample output for
this program is indicated in Figure 6.

Due to the relatively short time required for typical ten-
sile tests (several minutes), provision was not made to retard
meisture egress from the wet specimens during these tests. In
exanining the wet baseline tensile data, then, one must note
that some coupon dryout does occur during the test.

For each moisture condition (dry or wet), baseline tensile
tests were conducted at room temperature (RT) and one elevated
temperature (ET). The elevated temperaturce was chosen to be

e

ro

~_a AR e -

L donih i,




. Ny

S
i

e e T e N N3H1D3dS
- - A¥G 4 S2E°1¥ 1531

n (NI/NITD) z_thm "SAH

qeds| |

311SN3L z.cF—mummuu»m -1

_ .
-4
qeaal

_-a-__mm

i, NOISHAL NI
CTE Y

n.aunm

.. 1Sd- hI43LE'h = NI/NIN h@RLZ | LU SOINOOM ~{-: -} |-
C_15d 8#439h'Z = NI/NIN L6821 ;24 Saweo._| | |

1930 Sh-/+

< §1=1ZMLE -

ShihBad 4’1

| Ques

e
i
T
.
i
s
.

P LRI TR R Py

1
f

oy -
.

l
|

—t—
i
!
:
!

[

4

N}
:

T

S L T S O S
I t . .

-——

™7

T

NOISIGL NI CISY)

PO ODOODO =t DGO et

!
~
]

N
“
'

Lyl
]

HIZNIN
4 HIwals
§35u3ASHNL

o~o~.n_ AYN
1 3044

10432¢°6~
104301
P0+32¢°y
rY0s319°¢
tQe31E"Y
+003£8°2
£043€9° 1
L0e322°1
c0e3ea’l
[T LTy
£0e3£0°2
£0+366° 1
£0e322°2
$00376°2
CO*380°C
§04381°C
$0430C°¢C
S0e30C Y
COe35"r
CNe33i°P
£0¢323°9
S0 384" L
0+ 36L %%
N+3€O°1
S0e3tz"1
90+3€€°1
90+385°1
2030371
90+332°1
90+3¢6°1
90+ 3¢
90¢342°2
20+30¢°2
30¢31+°2
0+ 342
90439+ °2
3+ 316°2
99+305°2
90+35¢°2

18d
SOINAOH

ar2

or13gol
Qr19gol
L P34
€164
£85t2
(133114
12222
€er12
6£002
08061
2261
92691
£584%1
L38tl
8g3fl
d8et
00611
26601

Lk AR EVEL R B 3 )

Ae e i P Q0 N O Y Y
L A RN Rt R UL R 4
N e AR N Bl i

L4
@ A
N T D
- .

THONO
DO ey P
MO0

—

11
HI-HIN
HIYALS

30uy3AY

NOTSH3L HI®D31

LT B |

0862¢01
0364+01
0862901
6+262
2tShe
Iiee
£coc2
602
26661
€4681
6ot
40631
26861
03841
Gcaect
$0¢21
6611
£2601
3001
8Lls
1428
(3124
$r33
966G
(3237
TRt
st

:~\z~3
HIM4IS
LRHHHD

SQEHNOdSHZ

*HI'0S9S0"8 =HIdY
154 1vE31

NI/HIN 8+02¢

0629401
0569+01
9NaLe
08192
0c6re
cB82ee
9422
1ie1e
90202
20161
oresl
£r691
€6861
133:14]
1€8¢1
prazi
19311
66201
66
€506
£618
2BLL
€39
8L60

L6t
12
PAL
€21
6561
grel
PAR
+468
229
62
ol
Hi-HIn
HIHA4LS
2N

2-%1°00 113413345

Gt-/¢

S1-100LL

AMO 4 52€ 1Y 1531 3TISH3L
yiud 3N1TI5H3/INIANIL30-3HIL

& ‘0N 3714

au0Y HONLSHI

*HISSHO 0 =SS3HANIHL
= S$S3YLS HWNWIXWYW LY
sNIHYLS 131YN04431M3

€12t 1t
2191 X3y
wiiatl (28
29991 et
22031 3
|3 A 9e
5261 e
£ls re
G051 £
bl 2€
8L761 17
2insl ne
RASH or
134 3 82
el /2
cantl 22
P P
RN +2
EELIN jor:s
21471 <t
Ceril 12
30311 ne
eezll A
[T R al
RO A 21
e 31
L3 Gl
Hh!L L}
20l £l
21859 A
£6£74§ it
gret 0
10ty [
FA LA 8
A5 +E P4
ROy 3
il S
2l +
ARl £
[ Y4 Z
8¢ 1
154
553415 O

HOISIATT HINOM 1404

$ATumH G A¥y3430

‘Best Available Copy

13




.

R -— — AT

< _a E s - TR

near the (dry or wet) glass transition temperature (Tg) of the
materials, and to cause a decrease of matrix-dominated tensile
properties to about 70% of the RT values. Figure 7 demonstrates
that this goal was achieved at our selected terperatures of
436°K (3259F) dry and 372°K (210°F) wet.

I A tabular summary of tensile strength retention relative

! to RT dry conditions is given in Table II1. One notes that

! slight problems still persisted with even the refabricated sets
of (0) and (90/%45) coupons, since the RT dry values were low
coripared to other test conditions. In general, however, the
reduction in ultimates due to temperature and moisture content
are fairly typical. Subsequent time-dependent tests (Section
II1I1) wused stress/strain levels which were typically 20-30% of
ultimates,

A complete listing of the baseline tensile properties for

all coupons for this task and the following one are presented
in Appendix A.

Two results related to time dependence were obtained during
baselire testing, and we will comment briefly on those findings.
w -v—no—#o dnrq Fov- hA+h --:ao-cv-in'ln Iv-cw-

- a S N RS | (¥} ~ e o o wk A kS LR - ES e

2t d S nw»vrepnte PDhadecann'a
I‘A.\U LR ] (WA Y e ded A

RS Al 4

all the baseline tensile tests. These plots of transverse strain
vs. lougitudinal strain demonstrate that Vi, is essentially con-
stant over the entire range of temperature and humidity (and
strain) used here. This provides strong evidence carlv in the
progran for the timz2-independence of Vio.

P ——— P

During the later stages of baseline tensile testing of wet
coupons, we also initiated a modification of the tests to obtain
| stress-relaxation data. In these cases, we programmed the In-
E stron tester to ramp at constant crosshead speed to a preselected
: strain level (typically 20% of ultimate) and hold there for 30-60
. minutes. During the hold, all stress/strain values were printed
Py at regular intervals to observe the relaxation of the coupons.

After the selected hold time was complete, the ramp to failure
was completed.

‘ wo interesting results were obtained from these tests:
(1) The hold period appeared to have no influence on the even-
tual ultimate properties measured, so no baseliine data was lost
in this process; and (2) we were able to obtain stress-relaxation
results for the unidirectional coupons which were adequate to
verify the time-inderenderce (as expected) of Ey; and ¥yo. On
tite Lasis 0L fuese results, then, we did not perlurm any creep
compliance measurements on the (0), coupons. The Ej(t)¥ Eyy
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results from these hold experiments are presented in Section III.
One should note however, that those tests on wet coupons were
conducted at RT with no provision for moisture maintenance in

the coupons. Even though the measured moisture loss in these
thin specimens was about 20%, the Ell and Vio principal moduli
appear constant.

One word of caution should be interiected regarding the use
of such stress-relaxation data. Proper consideration must be
given to the relaxation effects which occur during the irftial
ramp to the constant (hold) strain value. This is readily accom-
plisted by not including the data obtained during the early srtages
of the hold interval. That is, the relaxation which occurs during
the first time interval, apprc«<imately three times the duration of
the ramp, is not representacive of the true stress relaxation.
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3. TIME-DEPENDENT RISULTS

The objective of this task was to measure the tine-depend-
ent mechanical response for both material systems under & var-
iety of temperature/humidity conditions. As previvusly indica-
ted in Section I, these tests were conducted on dry coupons and
on coupons conditioned to a uniform meisture content at 75% and
95% Rl. At each of these humidity conditions, five test tem-
peratures were used, from room temperature up to the glass tran-
sition region for the muterials.

Although mest of the experimental results in this section
are presented as time-dependent moduli, the majority of our ex-
perinients were constant load creep compliance measurements.
Since we set out to obtain a linearly viscoelastic characteriza-
tion of the materials, we indecd found that cuasi-elastic conver-
sion (i.e., E(t) = S(t)-1) gave very good results as expected,
so the moduli presented here are reciprocal compliances.

From these creep compliance results for the various lavups
tested, we thus obtained both unidirectional (principal) proper-
ties and laminate properties. E;7 and v were obtained from
tests on (0), coupcns; E22(t) from (90)15 coupons; and G12(t)
from Eg(t) and Vy,.-) , the longitudinal modulus and Poisson's
ratio, respectively, of a (f45)28 coupomn .

From the individual creep measurements on each lavup at
various temperature/humidity conditions, master curves were
constructed using the procedure diagrammed in Figure ¢. The
individual temperature/humidity results were horizontally shif-
ted on a log compliance-log time plot until a smooth ''master
curve was obtained. Since our tests were all conducted in lin-
ear regions of material response, and since this procedure gen-
erally yielded reasonable and repeatable results, we made no
attempt at vertical shifting of the data. Although others (Ref.
8 ) have performed vertical shifts based on arguments, e.g.,
from rubber elasticity, we saw no compelling reason to do so in
this case, since our data were quite tractable without such shift-
ing.
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In tie following subsections, we provide derails about our
experimental procedures and present specific experimental results
for the coupons tested. Some of these results do relate closely
to our Analytical Methodology task. We reserve for that section
(V) those osecifics which treat the prediction of time-dependent
responsec.

3.1 Experimental Procedures

Tests, primarily tensile creep, were conducted on all coupons
under the temperature and moisture conditions previorsly dia-
grammed in Figure 2. As indicated byv the dotted square in that
figure, we initially plauned to use 464°K (375°F) as our highest
dry test temperature. After conducting some early testing at
that temperature and experiencing various premature coupon fail-
ures, we lowered that selected test temperature to 436°K (325°F)
somewhat below the dry Tg of the material.

Early in the program we experimented with various types of
time-dependent testing in order to compare the respective results.
Figure 10 shows a typical examnle of such results. Using three
different 90° coupons of T300/5208, we measured both stress re-
laxation (by two different metheds) anc creep compliance. These
data, all plotted as moduli, are compared in Figure 10. TFor the

tests shown, the largest disagreement in results was about 4%,

- - ————TRY o

The choice of exnerimental method and apparatus for the bulk
of the time-dependeni tests was driven by several requirerents:
total number of spec.mens to be tested, nurmber of replicates per
test, and maintenance of mecisture in the wet specimens during

test. The experimental creep apparatus i- shown schematically
in Figure 11.

This test set up utilized a whiffle-tree fixture to accom-
plish simultaneous loading of four specimens (3 replicates plus
one dumny). The ctrain in each of the renlicate specimens was
monitored with two strain gages on opposite sides of the speci-
men. The average of the two gage outputs for eachh specimen was

o ———— e et sy S

’ plotted on a strip chart recerder. For analysis, the plotted
strains from the three specimens were averased, and the average
: tabulated vs. time. In thc case of T45 cou.ons, one of the rep-
. 4 licate specimens was sometime: menitored with an additional gage

(transverse) in order to extract the Poisson ratio Vyy -
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For dry tests, an oven was placed about the fixture, with
a tray of desiccant, and the temperature was continuously moni-
tored by a thernocouple placed on one of the specimens.

For wet tests, we accomplished a somewhat innovative pro-
cedure wnereby the specimens were continuously inmersed in liquid.
Inmersion heatzrs and impellers were used for temperature uniform-
ity. One of the paramount problems existing in usual wet test
techniques is the maintenance of moisture in previcusly condi-
tioned wet spocimens and/or accounting for drycut during the test.
This is not an iusurriountable problem in the case of tensile tests,
where the test times are tvpically of a few minutes duration. In
the present case however, our planned tests were tco be 107 minutes,
SO moilsture egress was a major consideration.

As discussed in Section IV, the wet glass transition temper-
atures for these coupons were all measured to be in the vicinicy
of the boiling point of water. This fact allowed us to imne_se
the coupons in water mixtures and still test at temreratures very
near the glass transition range. The irmersion fluids selected
for these tests were mixtures of ethylene glycol and water. The
mixtures were selected on the basis of Raou:lt's law (Ref. 12, e.g.)
te previde effective vapor nressures of water equivalent to that
at which the coupons were initially conditicned, i.e., 75% or 957
RLi.  Such a procedure may be expected to work reascnably well when
the liquid added to the water has a high boiling pcint.

During all the creep testing, the moisture content of the
specimens was nonitored by periodic weight measurement of a mois-
ture traveler specimen, of the same tvpe as, and submerged with
the creep coupons. During a typical test duration o~ one set of
replicates, three days. the traveler indicated only slight moisture
pickup (urrilly less than 10% increase).

Strain gages used during these i.mersion tests were the same

type as described previously in Section 11. For these immersion
tests, however, we coated the pages with Aqua Seal, an elastcmeric
product sold by Kearney National, Inc. Aithough this does not

inhibit moisture uptake, it did retard moisture effects on the
sages for a sufficient time to complere a given ceries of tests.
In separate tests cuonducted on aluminum coupons gaged, coated, and
immersed in the same manner as our graphite-epoxv specirens, we
verified that reliable strain readings were beiny obtained. Al-
though gage problems would typically initiate after 5-10 davs of
testing, this was well outside our usual 3-day test sequence for
five temperatures on onle sel oL speciiieis.
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The typical creep testing scquence consisted of 100 minutes
of creep at a given tenperature, followed by a recovery period
witihh no-load while the temperature was raised and stabilized to
the next value. There are two time intervals duvring such ex-
periments which should be considered: the time immediatelv fol-

lowing load application, and the recovery time between successi- e
loadings.

. the first casc, one should note that true compliance mea-
surements are obtained only after a time interval, typically 3-5
tines the loading interval, due to relaxation during loading.

Our iniiial creep strain readings were recorded at 0.5 minutes
after loading. The 100 minute creep duration thus gives us
slightly over two decades of response, which wvas acceptable for
later forming master curves since we obtained data at five separ-
ate test temperatures.

In the second case, the recovery time should normally be
about three times the creep interval for the specimen ro approach
its initial condition. This feature is readilv ascertained, how-
ever, from successive identical creep experiments. For our pur-
poses, we allowed the coupons to recover for a time equal to the
creep interval (at the creep temperature) then raised the tempera-
ture to the next higher test value. Dy the t‘me the chamber had
equilibrated at the higher tewperature, (e.g., 60-100 minutes),
the coupons had sufficiently recovered for the next test.

Since our intent for this program was to obtain a complete
linearly viscoelastic characterization for these materials, we
devoted considerable attention to determining the cycle-to-cycle
repeatability of the experiments and the range of linear behavior.
During this process we assessed the possible requirements for

riechanical 'break-in' of the coupons prior to actual creep exper-
iments .

Various workers (e.g., Ref. 3 and 9 ) have noted the need
to condition these fibrous composites mechanically before attempt-
ing to obtain reproducible :ime-dependent data. We examined such
requirements by low rate strain cvcling ( 0.05% per second) hyvs-
tercsis, and by cycle-to-cycle {(constant load, creep recovery re-
sults. Although in some cases a different response was noted for
the first cycle compared to subsequent cycles, this was not uni-
formly the case. We adopted a precautionary procedure, therefore
in which, prior tc the creep experiments, tha coupons were sub-
jected to 3-5 load/unload cycles (~1min each) using a 107% higher
load than planned for the actual creep experiment. Following
this cycling, a 30-minute reccvery period was allowed priuvi to
initiation of the creep experiments.
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A typical cycle-to-cycle repeatability test 1s indicated in
Figure 12, where we also assessed the range over which the tensile
relaxation modulus of a 145 coupon remains constant. For a strain
range of 0.1-0.2%, the variation between maximum and ninimum Ep at
a given time is about 5%. Such a range is probably within the
typical specimen to specimen variability.

! the ER(t) results over a strain rangc of 0.1-0.4%, the

5 variation at a given time increases to around 15%.
would tend to indicate that for RT dry specimens, the material is
linearly viscoelastic up to about 0.3% strain, which is roughly
30, of the strain ultimate under these conditions. The stress
corresponding to this strain level is about 60 MN/m2 (8.75 ksi),
which corresponds to about 55-40% of ultimate stress.

| If we include the Eg 3
i data at 0.3% strain, the variation between minimum and maximum ‘
' recults increases only slightly to about 7%. If, however, we 1
‘ examine f

These results

Stress levels for all creep tests were set at typically 25-357%,
of ultimate values for each temperature/moisture condition. For
a glven sequence of test temperatures at a particular moisture con-
dition, the creep load was systematically lowered at each higher

_ test temperature in order that the creep strains remained approx-
i imately constant.

Verification of linear response was obtained by superposition
i of creep-recovery results (Ref. 7 ) as shown for a tvpical case in
Figure 13 where a comparison is made between measured and extrapol-

ared compliance at equivalent times in the respective creep and
recovery periods.

3.2 Unidirectional Properties

In this subsection, we describe the experimental results from
‘inclipal properties for these two material systems are de-

— —— Py -

' 3.2.1 Results for (0)g Coupons

. For measurements of properties along the fiber direction,
ve initially set ou. to screen the (0)g results with Instron

constanc-crossheac Jisplacer2nt tests. By this screening we

attempted tc verifv quickly that mechanical response in the fiber
dirzction was not sensitive to time ¢ffects, and thus reduce test-
‘ ing of these couponse to allow more experimental time for testing
nmatrrix-dominat
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Figure 14 shows typical Ej;(t) and vy,(t) results obtained
for the two materials under RT/wet conditions. In this case, no
provision was made for maintaining moisture in the coupons during
the tests, so one might expect to observe slight property changes
during the experimental time simply due to moisture content changes.
This was generally not the case, as can be noted in the figure..
Although a fair degree of specimen-to-specimen varlabllltv was
noted for the materials tested (typically 124-138 GN/m? for E1y
and 0.28-0.33 for V12), there appears to be no sensitivity to time
for the moisture-conditioned specimens tested at RT.

In Figures 15 and 16, respectively,

for one of the materials,

AS/3502,

are shown the results
when tested dry over
tire range of experimental temperatures.
Poisson ratio (Figure 16),

the en-

In the case of the
there apnears to be

a slight increase

with time at sonie of the temperaturcs. This effect was not re-
producible, however, as can be noted bv comparin, the two differ- ]
ent data sets shown for the 4369K (325°F) tenperature.

On *he basis of tests such as these, then, we conclude that
the principal moduli Lj; and V7 are time-insensitive, in agree-
ment with other work such as Ref. 8 for example. A recent paper
(Ref. 13) on the time-insensitivitv of Poisson's rrtio for an ]
unfilled adhesive lends considerable support to this viewpoint.

. e sma— . -

i, s

3

{ 1
! 3.2.2 Results for (145),c Coupons 3
Tensile creep results on (¥45),

compliance, and thus relaxation modulus \ER(t)) master curves.

From these results for Eg(t), shear moduius data were extracted %
using the relationship

coupons were used to derive

q

Ea(t) |

2 = ) @ |

5 Typical tensile creep resclts for one of the materials, AS/3502 !
\ are given in Figure 17. VUsing the procedure previously noted in
ooy Figure 9, master compliance curves were extracted bv simple hori-

, zontal shifting of the data.

We have initially planned to nrovide an analvtical descrin-
tion of our data by assuming that the compliance could be repre-

g J sented by a power law in time, i.e.,
.s 1
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D(t) = Dy + Dt" (2)

where D(t) represcnts the measured ensile compliance, and both
Do and D) are temperature dependent. Other previous work on
fibrous composites (e.g., Ref. 7 and 10) desmonstrated that such
a description is quicte useful.

Repeated artempts by us to apply Eq. (2) howeve, met with
only limited success in that ve were not able to find a single
n-value which appeared to describe satisfactorily the data at
all temperatures. 1n those cases where the description appeared
sood, the derived n-value t=nded to be quite small, e.g., about
0.05, whereas work on a similar material, AS/3501-6, in Ref. 10
derived n= 0.2.

Lou and Schaperv (Ref. 3) {ound that recoverv curves are
particularly useful for determiniug the exponent n, so we also
enployed that approach. TDue to the rather weak time-dependence
of the present materials, the recovery strains are quite small,
typiclly 0.001-0.005% at RT dry, and there was considerable
scatter in our data. Altihough n valnes around 0.05 were again
indicated, no consisten. value could be obtained. At the sugges-
tion of Dr. Knauss, ther we simply adonred the '"visual' super-
pcsition procedure previously noted. All master curves were
thus formed by horizontal shifting on log-lcg plots.

Results from such a procedure for (+45)-c specimens arc
cziven in Figures 18 and 19. The data points in Fipure 18 are taken
from the 100-minute dry creep tests for T300/5208 at different
test temperatures, while the dashed curve represents similar
data for the AS/3502 material. It is interesting to note (1)
the yuite similar behavior for the two materials; (2) the rela-
tively weak time-dependence for drv materials, and (3) the near
linearicy over roughlv seven decades in time. The log-los slopes
for both materials are similar (about 0.01) and in excellent
agreement with independent results obtained at Texas A&M (Ref . 14)
on the AS/3502 material.

The shift factors ar are plotted in the inset to Figure 181in
a conventional Arrhenius-tvpe form, i.e., log aT vs. reciprocal
Kelvin temperature. If{ one forces a4 straipht line through the
log aw data to extract an aprarent activation cnergy, the results
tend to range aboutr 20-25 k cal/mole, which is reasonable for
these tvpes of materials.
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This type of straight graphical shifting is similar to that
used by Crossman, et al. (Ref. 15) on HMF 330C/934 relaxation
modulus data. If one uses the roughly linear portions of Cross-
man's relaxation modulus master curve, the magnitude of the log-

log slope there is approximately 0.02, similar to our value noted
above.

ik

In order to provide some assessment oi these master curves ;
derived from superposition of short-term results, we conducted i
two longer-time tests on the T300/5208 material. These results
are shown as the solid curves in Figure 18, and represent a 5000
minute test at 3399K (15n9F) and a 7000 minute test at 4229k :
(300°F) . These results are positioned in time with the log ay
valies previously derived. The agreement between the longer
tests and the superposed short-time tests is quite good.

Turning now to our results for wer coupons saturated at 75%
and 95, Rh, we employed the same graphical shifting procedures
as were used for the drv data. We assumed here that the moisture
content for a given coupon was constant for all test temperatures,
although there was typically a moisture increase in t'ie specimens
during the immersion tests of about 107% (relative to the initial

moisture content). This represents a rather small perturbation
o Lhe overall resulirs.

Figure 19 summarizes the wet (and dry) results for the T300/
5208 material. The AS/3502 behavior was nearly identical, as
previously noted. In order to form the combined wet/dry master
curves, we have assumed that moisture-only and moisture plus tem-
perature results are superposable in time exactly in the sane
manner as temperature-onlyv results. This implies that shifting

due to moisture and to termperature are separable in the sense
that

Log aTil = log aT + loz ay. (3)

Although there is no a priori reason why (3) should hold,
the smoothness of our shifted curves and the overall consistancy

and reproducibility of results demonstrate its usefullness in
the present case.

In Figure 19 we have emploved a reduced time scale which
extends roughly out to a usual aircraft service life, about 15
years. Within that time frame are shown three different plots
of the master curve for the +45 modulus (veciprocal of compliance)
The top curve uses RT dry conditions as the reference and demon-
strates only small modulus changes over an aivcraft lifetime.
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Realizing that no aircraft may be expected to spend a service
life at RT dry conditions, the other two solid curves in the
figure show the shift in response which occurs if, respectively
380°9K (ZZSOF) dry (or equivalently RT wet), or 334°K (1509F)
wet conditions are taken as reference. In the latter case,

we see that rather dramatic changes in shear modulus may be
expected in times of the order of a month.

The inset to Figure 19 presents the log aypy shift surface
for a range of temperature and humidity conditions. Although
the humidity-induced effects are not dramatic at room tempera-

ture, the combined effects of elevated temperature and moisture
mavy be considerable.

In producing this shear modulus time dependence, we have
used Eq. (1) and a tiue-insensitive Poisson ratio of wyy = 0.72.
Figure 20 shows typical v, measurements from creep experiments
at various temperatures. %he two separate measurements at 3500K
shown indicare that the variability in results may be at least

T3%.. Thus although a slight upward trend in Vxy may be noted in

the figure, most measurements fall within or near the standard
deviaticn cf the mean there indicated. Ve have accordingly taken
Vxy = 0.72 throughout, and the overall consistency of results
would appear to support both thi: value and its insensitivity

to time. A change in wxy of t0.1 only results in a shear modulus

variation of about *5% 5o again the effect is not great.

3.2.3 Results for (90)15

Figures 21 and 22, respectively, show the E;, master curves
derived from tensile creep compliance measurements on our two
material systems. The data in either the dry or the wet case
scem to conform nicely to smooth master curves, and the shift
factors derived from graphical shifting (horizontal only) are
guite similar for the two materials.

One interesting feature of the dry master curves in Figure
21 is their adherence to log-log linearity over the 10-11 decades
of reduced time represented there. The cverall slope on this
log-log plot is in the range [(.008-.010 ), which is quite
similar to the t45 master curve slope. Complementary data ob-
tained at Texas A&M agree in magnitude to within typically 6%
and have an equivalent slope.
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If one attempts to superpose the wet and dry data, however,
curves of the type shown in Figure 23 result. One sees that
when no vertical shifting is -used, a severe difference both in
the wet and dry master curves occurs at a reduced time of about

t
130° minutes. It is somewhat difficult to reconcile this result
with the previously derived wet/dry master curves for shear mod-
ulus. : ;

Due to the proclivity of 90° cot->ns to damage, we undertook E
an investigation to determine whether any damage (specifically,
edge cracxs) was evident in tvpical specimens of these types
which had seen extensive histories of time and temperature at .
load. Several T300/5208 coupons (both 145 and 90 types) were :
edge polished and examined on a bench metallograph. Although all :
the coupons had previously been subjected to many 10J-minute creep
cycles at varicus temperatures, no evidence of damage was found.

Surface replicates of the edges were then made while the
coupons were subjected to small tensile loads in order to open
any cracks which might have healed during the previous examina-
tion and handling. Again, no damage was noted. The specimens
were then placed in a heated vacuum chamber overnight to elimi-
nate any residual moisture which might have been absorbed during
creep cyclirg. Replicas were again made under load, as before,
but no cracking was evident. Finally the ©(° specimens were
subjected to several creep cycles at stresses between 20 and 30%
of ultimates, and for times up to 16 hcours (at 350°K). Periodic
replicas failed to reveal any edge damage.

On the basis of these limited damage investigations., we
concluded rhat there were probably no gross differences in the
specimen integrity which could reascnably account for the dif-
ferences in the master curve data.

Dr. Schapery of Texas A&M raised questions about possible
physical aging effects (Ref. 16) in these materials which might
account for long term stiffness changes due to free volume changes.
Such a mechanism could possibly account for the differences in
the long-term behavior of the dry 90° coupons compared to the dry

459, since one expects the residual stresses in the specimen to
inhibit aging effects.

We thus repeated the creep experiments on 90° coupons, but
with one important ciange compared to our previous procedure.
Prior to each creep run, the specimen was heated to around 450°K
(350°F), its previous cure temperature, with no lcad applied.
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According to Struik (Ref. 16), such a procedure should effectively
erase the material's memory of its age, i.e., become '"unaged'.

The modulus results obtained from such specimens are shown in
Figure 24.

Two reatures are verv important in Figure 24. Firstly, the
long-time/high-temperature behavior shows a marked departure from
log,-log linearity, in contrast to the dry data shown in Figures
21 or we, and in general agreement with the t45 data. Secondly,
the master curves for the two materials shown in Figure 24 were
obtained with two different sets of shift factors (log ar). In
the T300/5208 case, the master curve was formed with Gjo-derived
shift factors. For the AS/3502, the actual 90° data shown were
visually shifred to obtain the best smooth curve. The discrepancy
is evident.

It is not particularly satisfying to find that Gjp(t) and
E22{t) naster curves heve different shift factors, if the time-
dependence is logically believed to be matrix controlled. Figure
25 demonstrates, for the T300/5208 material, that Gj2-derived
shift factors are applied to the Ej) results, then the long-time
results for wet ard dry (unaged) coupons superpose equivale:itly

on the same master curve (as was the case for - wet and dry G2
resuits).

In Figure 26, we repeat the T300/5208 data from Figure 15,
and show the individual-temperature results {or AS/3502, shifted
with the same log aT values as used for the T300/5208. 1t does
not appear implausible, given the ercor bars indicated (from re-
peated runs) that all the 90° data shifts in the same manner as
the t45° results.

The apparent ~fferts noted in these 90° data which we have
ascribed to physical aging certainly bear further investigation.
Residual stresses will always be present to different extents in
different layups, and these stresses will be affected by the
time-temperature-moisture-environment. It may be very important
to ensure that the effective ages of specimens used in comparison
tests are in fact comparable.

3.2.4 Summary of Shift Factors

In Figure 27 are shown the time-temperature-humidity shift
factors derived from graphical log-log shifting of the t45 results
the 90° independently. ALl shift factors given there
In each case shown, the
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results for the two materials tested have all been included to
obtain the fitted curves st.own of the form

lOg atn = - %*‘ B. (4)
We include ail six cuir..s to document our overall results.
As noted in the previous subsection, however, we would tend to
recommend that the 145° coupon shift factors be used for all data.
Due to the scatter of some of the 909 results, this practice would
not be inconsistent with our overall results, and it does offer
the mcre analytically-reascnable result that al' time dependent
results, being traceable to matrix effects, are described by a
single set of shift factors.

3.3 Laninate Properties

In our tests on laminate tensile compliance, very weak tire
dependence was observed for coupons with any fibers parallel to
the load direction. For example, in an a$/3502 (0/%t45)¢ lam1nate
tested dry, the total change in measured compliarce at 436°K was
about 4% over a 100-minute creep cycle while, for comparison, a
similar test on a T45 coupon vielded a roughlv 12% change cver
the same time interval.

Wet tests on the fiber-dominated laminates viclded about the
same time-dependent results as the drv. 1n repeated runs under
the same environment for a (O/*QD)S laminate. we found a varia-
tion of 4% for RT dry and about 5% for RT wet. Thus, the mea-
sured changes in compliance during 100 minutes werz tvpically the
same as the test-to-test variabilitv.

Tn Figure 28, for example, are shown dryv test results on a
(0/90/%45) 3 lamlnare Little, if any time dependence 15 roted,
and the change in short time compiiance from RT to 464°K (3“'OF)
is only 6%. Although the compliance in Figure 28 changes in a
regular way from the lowest to highest test temperature, that
particuler result was probably fortuitous, since the run-to-run
variation, as previcusly noted, was 4-54. The €. change indicated
in the figure is in fact roughly the same as the modulus variation
noted in 0° lamina tension tests over this temperature range dur-
ing lamina design data testing @t General Dynamics.

In order to remain cognizant of the experirental variability
and its relationship to apparent time dependence, in Fijpure 29
are plotted "master” curves for two fiber dominated laminaces
under dry conditions. The data envelopes shown there include
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nearly all tests on these laminates at all temperatures, and the
elevated temperature results have been horizontally shifted in
time using the log ar values derived from the Gy results. Also
included in that figure are predictions using measured principzal
nroperties in an elastic lamination code, with the curves simnly
calculated stepwise in time. The predictions fall reasonably

within the scatter band of data over the entire range of reduced
time indicated.

The experimentally-derived master curve, and a similar pre-
diction, for a matrix-dominated laminate, both wet and dry, arve
shown in Figure 30. Again, the shift factors derived from the
145 data were used. We observe that the experimental master curve
is quite smooth, and the prediction is very good over the entire

range. We will discuss this particular laminate prediction in
somewhat more detail in Section V.

6.58 LAMINATE PREDICTION | 26
FROM MEASURED
- @V
556 | ORI PRINCIPAL MODULI 15
6.54} 1%
— T300/5208 <
= (90/ +45); E
= 6.52r 12 2
© ol
o
4 22
= 650}
G.QBJ; : A
1 e 1 Il 1 1 f
0 2 4 6 8 10
LOG ¢ (MINUTES)
Figure 30 Measured and Predicted Laminate Response
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3.4 Residual Strengths

Residual strengths were measured under ambient conditions on
approximately 50 specimens which had been creep-tested under var-
ious conditions, and these results are shown in Tables IVand V
for the two materials.

There is really little generalization which can be made of
these results. Realizing that in all cases the changes between
residuzal and baseline properties are only slight, if any, the
comments indicated in Table VIimight be made.

TABLE VI RESIDUAL STRENCGTE TREHDS

rayup/Condition Trend(Residual Properties Compared to Baseline)
k90) wet Some reduction ]
(*45) dry No chanye
(90/%45) dry . Slight increase

wet Slight decrease
(0/%45) dry, wet Slight increase
(0/90/%45) dry Slight decrease

wet | Slight increase
48

e A TR L. U -

A 2 et el e MRty LD, e s vs



H

|
Tenp1sa1 01 101ad sainielsdwal 3533 d9aad paepuels TT 1€ pIIsII i34 suamtdads 1TV x ot

|

uotjeinaap pxepueisg { ]
"p23sa3 suawidads jJo iaqumn (#)
*$138923 Yyaduaails

[/0°] [<] [2e] [60°] [9] (141
(€6 0L (£)18Y ()11 1 vl (2)0716 %56
[60°3 {93 £zv3 £€0°3 Lzl [v1)
(011 3L (77 9€6 (2)86° 0L (2) €87 x4d S(5%3/06.0)
l601 (z3 {e11 £90°1] {11 {1 ) .
($)78" Lz (5)88T (£)86" 0¢ (£)¢02 x4 (5%5./056) ..
o
[11°] rs3 Crel 1072 £111 £9¢7 <
(£)96° €l (7) L0S (£)07° T /8 (£)009 %56
[90° 1 £S1 [cs 3 71 1 (63 [293
(7)01° 1 g (%) 185 (17T 63 (EMm19 VAYs
713 [ri3 £c/3 [c01 [91 [1%3
(€)%0° 1 8 (€)58¢ (D% 1 6 (2879 x4a S(593/0) _
[£0°] [t} £.1 - _
20 ¢ ¢ (€L ¢ (€)1 %56 (163 _
(£)97" Y (€)32
Eéw\wé o 2/ . 15 u/NA
NIVALS 1LVHILTIN LYWL LN TLYNIL +NOILIQNOD dNAVT
SSUNLS NIVYIS SSTULS TMALSION
2065 /SY

VIVU HIONHELS TVNAISTE Al I149VL




P

£90°2 [s1 [»¢]) .
(1)20°' 1 . (1)S16 (£)€6° 89 (€)L2y Add S(¢52/06/0) .
: [70°1 C13 L9] (10] 157 <3 N
, (£)08" 9z  (£)8¢L1 (€)et- 7 (€)ZST %56
{13 £93 .1
"z (£)891
(661 913 [z111 r£co] 1) 93
(")YLo'1 v¢  (9)€ET (£)08" 5z (€)zer YA
Cz03 (1l £9) £s07] [13  Lo13 .
MMy 12 (v)8wt €)16° 0€ (€602 i¥a 5(5%3/06) !
.01 €93 Ccv] Cz1 1 [6] C79] N
(76" 0L (v)ggy (¢)50° 1 %8 (€)6L6S Gl
[S0°] [v] {0¢] - ) (123 ]
($)€0° 1 98  (5)g6S (1)90" 1 €8 (€)6L6 xda S(s95/0)
- - 3
£z (1861 dHAL ¢ 3a
[CH] vl
£z (Z)9¢1 dWHIL ¢ 2dd
[z1) (13 (9] - (£ rza )
171 £z (W)191 ()T T €2 (£)651T X¥4d SC(g
(9t 4 (1)1
{9073 (11 C91 10} €07 (z) .
720 Y (7)L2 €)1¢ Y (€)Le yAY sT(og)
% 1SN u/ NI A 1SA NE\ZZ
ALVHIL LY ALVAIL JLVAILIT] JIVAILIN 2NOTLIANOD
NIVALS SSMILS NIVILS $SITIIS TANLSTON dNAYT
(1Y) HIONDIIS ANITUSVY HIONAYLS TVIAAISTd
Q2GS /00LL

VIO HIDNEMIS TWIAIST A VLD




WRENTIIND WPUETOr R 1 .

e = — e S — = - A o !

. e - Bungi Y —— -

a,

e

B e i

FIES

3.5 Stress-Strain vs. Strain Rate

As a slight addition to the originally-planned test pro-
gram, we conducted a brief experimental analvsis of the effects
of strain rate on tensile stress-strain testing. Instron stress-
strain to failure tests were run on (¥45) ¢ coupons of T300/2208.
Specimens were tested at RT, 380°K (2259F)), 42Z9K (300°F), and
crosshead rates of 0.00085 cm/sec (0.02 in/min), .002 (.05),
.004 (.1), .0085 (.2), .02 (.5), .04 (1), and 0.085 (2). Alchough
only one counon per condition was tested, it was felt that useful
trends might be observed, since the inherent time-dependence of
the material should be expected to modify the observed tensile

behavior at various strain rates, particularly at elevated tem-
perature.

As expected, considerable scatter in the results was evident
due to our use of only one coupon per condition. The following
trends in the results are suggested, however.

o There appeared to be a slight increase in stress ultimate
as the strain rate increases.

o Strain ultimates were guite erratic, but a peak appeared
around .004 cm/sec crosshead rate, followed by a valley
at somewhat hlgher rates, then a slight increase at the
highest rates.

o The Poisson ratio Vg, appeared relatively constant, al-
though with considerable scatter, under all test condi-
tions.

o At low stresses, say about 13.8 MN/in? (2000 psi), the
longitudinal modulus tended to increase as the strain
rate decreased.

Although these results were quite sketchy due to the limited
amount of data, one shnuld observe that caution need be exercised
in the application of tensile stress-strain data for matrix-decm-
inated coupons. Changes in measured properties do occur as the
testing rates change. Thus, for example, if baseline tensile
properties are to be used to set parameters for a fatigue test,
the baseline rates and environment should duplicate the planned
fatigue paranieters as closely as possible.
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SECTION IV

4. EXPANSIONAL STRAINS

In this section, we present our experimental results on the
longitudinal and transverse strains observed in the two material
systems Jdue to moisture and temperature effects.

4.1 Moisture Absorption

In order to obtain moisture-induced swelling strains, uni-
directional (0)g specimens were conditioned at four constant
humidities at room temperature. For comparison purposes, however,
additional absorptlon measurements were conducted on these speci-
mens at 322°K (120 F) and 339°K (150°F) and at RT on samples of
2ll layups used in this program. Samples for all

these unptake-
swelling measurements were typically 3 cm (1

.2 in) square.

Specimens were conditioned in appropriate temperature cham-
bers over saturated salt solutions, where the relative humidities

achieved are as indicated in Table VII below for exposures at
339°K (150°F).

TABLLE VII CONDITIONING PARAMETECRS

Solution RH(%)
KF 21
Cr04 46
NaCl 74
Pb(NO3) o 93
52
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The wvariation in humidity with temperature for these solu-
tions is not particularly significant. The lead nitrate solu-
tion possibly shows the greatest variation, rising from 93% at
339°K to 97.5% Ril at RT. We will ordinarily refer to this high-
est humidity used as 95%, which represents the average of this
observed range.

Moisture uptaxe results for cthese graphite-epoxy materials
are shown in Figures 31 - 33 . After initial drying to an
equilibrium weight value, the specimens were periodically weighed
with a Mettler Model BA28/BL20/CT1l0 autvomatic digital balance.
Three replicates were used for each data point. For one condi-
tioning case (RT/97% RH) we exposed identical unidirectional
specimens ¢f both materials in twe different chambers to assess
conditioning variabilities. The marimum difference in weight
gain observed in these "'identical’ experiments was slightly over
10% (e.g., 1.0 T 0.15% moisture bv weight) which is not atypical
for such experiments, even though the standard deviaticn in resin
content is only abour T3%.

We may observe from these figures that the moisture absorp-
tion characteristics for the two material systems are quite simi-
lar, although the T300/5208 sperimens generally tend to exhibit
a slightly higher (~10%) weirht gain than the AS/3502. We also
note from Figure 21 that the addition of elevated temperature
(339°K) causes roughly a 10% increase in moisture pickup, even

though the effective humidity is somewhat lower at that higher
temperature.

Figure 34 compares the moisture uptake under identical con-
ditions for two different 6-ply layups of AS/3502. The satura-
tion levels are the same, but, as might be expected, slight dif-
terences in rate occur for the differing stacking sequences.

A summary of the apparent maximum moisture content, Myp(%),
as a function of relative humidity is given in Figure 35 . We
have in the past experienced difficult in obtaining reliable and
reproducible results at very low humidities. The 217% RH data
shown therz are ao expection. Those specimens were not weighed
until abuut 250 days into the exposure in order to avoid the long
re-equllibration times noted after cpening the low-humidity cham-
bers. Those results were will inconsistent with the other mea-
surements, and were not included in the curve fit shown.

ML mme oV an s 3 EFiind mm kAl ars A nAaa
Ll atllviitailuvud VUL L LUdiulll el v ey e }re s

exposure times, which has been noted by some (e.g Ref. 17 and

[= TR

16 ), does not seem apparent in our present results.
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4.2 Moisture-Induced Swelling

At the same time each of the coupon weight gains was moni-
tored, the specimen dimensions were measured using 4-place micro-
meters. This technique relies on the use of a fixture to hold
both the micrometer and the specimens in a fixed relationship to
one another, so that reproducibie measurements are obtained on
the specimen at the same reference position each time.

Swelling measurements were made on all three specimen dimen-
sions. Within the limits of the measurements, however, no repeat-
able swelling was observed through the thickness (due to the 6 ply
= .08 c¢m dimension). Along the fiber direction, a contractior of
typically 0.01 -0.03% was usually observed, but such is orobablyv
not outside the data scaiter.

Figure 36 shows the measured swelling in widtl: (transverse
to the fiber direction) for both materials at room temperature
and at elevated temperature (322 and 3390K). The RT dara are
all quite similar for both materials, and are conveniently des-
cribed by the equation given there. At elevated temperature we
observe a trend toward somewhat greater expansional strain for
a given moisture content.

As 1s used in such resuits, there 1s no observable swelling
until 2 threshold moisture content is reached. The threshold
here coserved is atv M(®)= 0.1, although at these verv low swell-
ing strains the threshold is somewhat indefinite and might bte
assigned somewhat higher. Crossman (Ref. 9 and 15) found the
threshold at 0.4% for GY70/CE339 laminates, e.g.

During the course of the program, we also attempted to mea-
sure these swelliar strains by two orther methods, densitometric
and via our thermu-mechanical analvzer (TMA). Sirce the TMA
ufilizes a highly precise probe and LVDT combination, we felt
that this latter method held great promise. We were, however,
not able to reproduce measurements due to the difficulty of
repeatable positioning of the specimens. Both methods yielded
unsatisfactory reproducibility and were abandoned in favor of

the micrometer measurenents described.

4.3 Thermal “xpansion

“her al expansion mcausrements on unidirectional (90)1g com-
nosites were accomplished using a loaded column expaasion method
(Ref. 19) with a Perkin-Elmer TMS-1 thermomechanical analyzer
TMA) . A «chematic diagram of this test is shown in Figuie 37 .

ar
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Satiples of dimension typically 1.27 e¢m x .64 cm x .20 cm were
loaded parallel to the lcng dimension by placing 20-100 gm
weignts on top of the vertical quartz probe which rested on

the test specimen. Changes in specimen length were then mea-
sured using a linecarly variable differential transformer through
which the probe moved. The probe used was a flat-bottomed quartz
expansion probe with a diameter of approximately 0.25 cm. Further
details of the technique and a svecific discussion regarding mea-
surements on moisture-saturated specimens may be found in Ref. 19.

For measurements cf ajl, the thermal expansion coefficient
tarallel to the fibers, only one load/rate combination was used
in the THA apparatus, namely 100 gm and 20°K/min. Figures 38
and 39 summarize these measurements for dry and wet coupons . Ve
note from those results that, as expected,(!ll 1s negative for
both materials due te the negative thermal expansion coefficient
ci graphite. The apparently large data scatter is to be expected
however at these high TMA sensitivities (0.1ue) .

The solid curves in each case represent a least squares fit
to the data over the range indicated. It is interesting to ob-
serve the apparent slight differences in thermal characteristics
of the T300 and AS fibers: a;; for T300 is about 2-3 times greater
for T300 than for AS, i.e., tvpically -0.6 ue/°K compared to
-0.25u€/°K. The fits would also suggest that a)7 decreases slight-
ly with increasing temperature for T300, while the opposite behav-
ior occurs for AS fibers. Both curves suggest a dry glass tran-
sition temperature (Tg) in the 480-500°K range, which is somewhat
higher than that inferred from the ensuing figures fcr aj;.

In order to examine possible load and rate effects during
our rieasurements of Gj7 (thermal expansion coefficient trans-
verse to the fibers), we emploved the load/rate combirations in-
dicated in Table VITI.

TABLE VI1I LOAD/RATE PARAMETERS
FOR a5y MEASUREMENTS

]
Scan Rate (°¥K/min) = | 2.5 5 10 20
Load = 10 gm X X X X
=100 gm X _l X
61
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Figure 40 shows the measured a97 (dry) for the two mater-
ials. Although data for only four load/rate combinations are
shown, the other results closely parallel those presented. The
solid lines in the figures are again least squares fits to the
data up to the cure/postcure temperature. The ajy values are
quite similar for both materials (which is to be expected since
the resin systems cre similar) and the indicated Ty for each
material is in the range of 450-480°K, at or slightly above the
cure temperature.

Thermal expansion coefficients o)y for wet materials were
run in the TMA at 20°K/min and 100 gm load. Such parameters
have been found to yield valid measurements on moisture-satu-
rated specimens, even though some drying occurs at the specimen
surface (Ref. 19). Results for the two materials are shown in
Figures 41 and 42 for specimens conditioned at 75% and 95% RH,
respectively. Two specimens of each material were run in the
TMA. We have plotted results for only one experiment in each
case. The wet T, values at 75% RH conditions would appear to
be in the 375—38§°K range (215-233°F); at 95% RH, the values
are somewhat lower, namely 360-370°K (188-206°F).

As noted in the previous section, our test plan for time-
dependent measurements on wet specimens was based on an expected
w2t T, near the boiling point of water. Thus our highest test
temperature for wet (creep) specimens of 372°K (210°F) was al-
ways at or slightly above the respective transition temperatures.

The glass transition values obtained from o9, measure-
ments are summarized in Figure 43 . We have there indicated the

dry T, to be at the postcure temperature, although our results
may suggest a value somewhat higher.

4.4 Summary of Constants

In Table IX, following, are sunmarized the hygrothermal con-
stants measured in this task for T300/5208 and AS/3502. Only one
set of thermal expansion coefficients are given for wet (957 RH)
coupons, since the results are quite similar for the two humid-
ities investigated. The moisture-induced swelling parallel to
fibers, B11, is taken as zero from our results.

~-
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TABLE IX. HYGROTHLRMAL CONSTANTS

P ,‘..,.«—-’ -
-

Coefficient Environment T300/5208 AS,/ 3502
Byo (ue/OK) M(%)=0.5 1700
=1.0 2440
=1.4 2800
D (em’/sec) RT 17.0 12.0
oy (ue/OK) Dry, 300°K -0.56 -0.27
400°K -0.61 -0.20
oy (ue/ %K) 95% RH -1.0
aro(ue/°K) Dry, 300°K 23.0 21.8
400°K 26.7 25.9
450°K 28.6 28.0
ayy (ue/°K) 95% RH, 300K 28.2 26 .4
370°K 34 .0 30 .8
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SECTION V

5. ANALYTICAL METHODOLOGY

Using principal moduli derived from our compliance curves
and quasielastic conversion, we have performed predictions of
lamina and laminate behavior. Since we have shown that for many
cases of practical interest the time-dependence is not particu-
larly strong, we have stressed the use of simple predictive
techniques already familiar in composite elastic analysis.

As an example, Figure 44 shows Halpin-Tsai predictions for
Ep, the effective matrix modulus, and for Ejp), based on our ex-
perimentally derived G, master curve (wet and dry). We have
used fiber properties essentially the same as those given in
Ref. 20, and summarized below:

Gepp = 3.5 MSI (24.1 GN/m?)
Efpe = 2.3 MSI (15.8 GN/m?)
Ve = .68
Ve = .20
Vm = .37
§'s .= 1,2

The data points (o) in Figure 44 are our experimental data,
while the solid curves are Halpin-Tsai results. The vertical
bars on the E9, data represent typical scatter from our 90° cou-
pon results. The L)y, data are those obtained as described in
the previous section, i.e., by using the G shift factors. The
data points (o) are results from Ref.2l on nieat 3502 resin, while
the (&) points are derived from results in Ref.22 for 5208 resin.

We have based the Halpin-Tsai calculations on our Gy, data.
Given that (wet/dry) master curve, and using reasonable values
for fiber properties and geometrial factors, with no unusual
adjustment of parameters, we obtain a very reasonable descrip-
tion of L,, results. Additionally, the predicted matrix mcdulus
agrees wefI with independent measurements on the cured resin
material.
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Using the time depencence for bln and qu shown in Figure
44, we have used our elastic code to calculate the average stiff-
ness, stepwise in time, of a wet/dry (90/+A5)5 lavinate. Yor
these calculations we used £1] = 131 GM/m? (19 ™S1), and Vip =

} 0.31, wnich are "averajze" results frem our measurements and as-
i sumed insensitive to tine.

10
141 I3) £
22 Adg
V2F C 48
_ —-HALPIN.T5AY CALCULATI(];?’\O <
g 10} 17 §
-] -
T o}
2 o1z {5 2
' o
t = N D O 0 (we ]
i 6.6 0 o 41 g
: 13
041 ©T300/5208 (Present Work)
(33502 RESIN (Ref. 21 ) E 42
o 45200 RESIN (Ret 22) m
D~ 1 N i L . i

T 4 6 8 10
LOG £ (MINUTES)

Figure 44 Measured and Predicted Lamina Properties
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' Figure 30 in the previous section presented the prediction
o obtained on tlLi~ basis, along with the experimental master curve
Ty for this T300/5208 laminate. The agreement between measurement
L and prediction is within about &% over the entire range of reduced
: . time. This would seem to lend considerable weight to our conclu-
! Y sions that time-dependent tests on 145 coupons, along with Halpin-
oy Tsai predictions and conventional analysis procedures provide a
, good assessment of the expected material response to environment.

P e e

- Also presented previously in Section IIT (Figure 29) were

4 predictions for fiber-dominated lamjinate response. In that case,
! the measured values for all principal properties were used in

: i the elastic code (racher than F22 derived from Halpin-Tsal cow-

| ¢ ' putations). Equally good predictive deccriptions of the experi-
mentally-measured response were obtained.

70

i . . _ el

|2 T e —~ . T
O L el

|

[

|
|
i
|

 lidascsmin sk

i, o



For the cases we have studied, i.e., for constant loads and
various constant tmeperature/humidity conditions, it is clear
that commonly-used elastic techniques, when used with time-varying
principal properties, provide excellent descriptions of laminate
response.

In order 2 provide a more general framework for analyses,
however, we have obtained exponential series fits to our time-
dependent principal relaxation moduli (as in the case of Ref. 9,
e.g.). Texas A&M University provided these collocation fits to
our master curve results, and typical results for the T300/5208
(¥45) coupons are shown in Figures 45 and 46.

In one case (Figure 45), %-decade spacing was used and the
fit is excellent. The slight oscillation at long times could be
pushed off to longer times by including a ''guessed' extrapolation
of the data. One extra data point was in fact used at long time
by assuming the log-log slope is constant between the actual last
two points and an extra point % decade beyond the data. The same
extrapolation method was used for l-decade spacing in Figure 45,
with an extra point one decade beyond the actual data.

The exponential series may be conveniently employed in heredi-
tary integrals for predicting laminate behavior under time-varying
loads and environments. A detailed discussion of this procedure,
along with a general description of viscoelastic methodology for
laminates, is presented in Appendix C, '"Notes on Viscoelastic

Analysis of Laminates', prepared for this program by R. A.
Schapery.
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SECTION VI

6. EFFECTS OF NON-UNIFORM MOISTURE
DISTRIBUTION

In this task we set out to determine the effects of non-
uniform moisture distribution, both experimentally and analy-
tically, with the framework of methodology previously discussed.
Our test coupons in this case were 24-ply layups, (t&S)GS and
(90/%45),g, of both materials.

Coupons were moisture conditioned at 333°K (140°F) for
several days, at which time their total moisture content reached
about 0.3-0.47. Strain gages were then applied (and baked to
cure the gage adhesive), and the specimens further moisture-
soaked. Three coupons of this set vere then stress-strain tested
to failure at either RT or 339°K (150 F) for baseline values,
while another set of three coupons were imzersed in the wet
creep chamber at the corresponding temperature. One-hundred
minute creep tests were then performed once per day for 1-3
days. These creep specimens were subsequently tested (stress-
strain to failure) for residual properties at RT. A moisture
traveler followed the coupons at all times so that daily weight
measurements could be compared with the predictions (both total
moisture content and moisture distribution) of our finite dif-
ference moisture-diffusion code.

Figure 47 demonstrates the measured (data points) and predic-
ted moisture content in a set of (145)63 T300/5208 coupons during
this conditioning and test sequence. All specimens tested gave
roughly equivalent results in terms of both the experimental
and analytically-predicted data. We will, therefore, confine
our remaining discussion to this particular sat of coupons as
representative of all our non-uniform moisture distribution data.

Figure 4b illustrates the analysis procedure used for these
data. Beginning in the upper left cormer and proceeding clock-
wise through the four items presented, we first observe the pre-
dicted meoisture distribution through the thickness. Given this
Y(%) per ply, we proceed to our relationship between moisture
content, M, and relative humidity, ¢, determined in Section IV.
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having thus a relative humidity ¢ corresponding to each ply, we
can proceed to the shift factors, log ar, presented in the lower
right as a function of ¢. For the ¢ representative of each ply,
we read off (from the 339°K curve) the corresponding shift fac-
tor for that ply. Given the log aT values, we simply enter the
shear modulus master curve at the appropriate reduced time, ob-
taining a Gy for that ply. This procedure is thus repeated for
discrete time steps during the duration of the (creen) loading.

Given then the G1»(t) appropriate to each ply, we utilize
the Halpin-Tsai relations to compute Eoo(t}, and our previously
measured values for the time-insensitive moduli Ejy and vyop.
These principal properties are then used in a ply-by-ply elasctic
lamination code to predict the average tensile stiffness as a
function of time.

Results of this procedure are given in Figure 4G. We plot
tisere the measured results for modulus (Compliance'l) on two
successive days (essentially no change), the previously measured
results for (145) saturated at 75% RH, and the predicred response
obtainced as described above.

We note that the time-dependence is similar in each case,
and the prediction is within akout o-7% in wmagnitude of the
measured value.

Tab L presents the strength tests obtained on these cou-
pons with non-uniform moisture distribution. The 75% RH uniform
woisture data are included for comparison. It is not clear that

any substantial comments may be made about those results.
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TABLE X

RT STRENGIH TESTS

MATERIAIL MDISTIRE STRESS STRAIN
& LAYUP CONDITION gLI ™ATE ULTIMATE
MY/ KSI %

T300/5208 DRY BASELINE 161 23 1.17
t45) (6) L (.12)
75% UNIFORM 160 23 1.69

(D) €9 (.20)

NON UNIFORM 177 26 1.91

¢h) (.1 (.53)

NON UNIFORM 178 26 e (®

(RESIDUAL) 2 (.3)

AS/3502 DRY BASELINE 165 24 1.33
tus) 2) (.3 (.06)
75% UNIFORM 154 22 1.96

3) (.5) (.67)

NON UNTFORM 171 25 2.03

(1) .2) (.12)

NON UNIFORM 174 25 2.07

(RESIDUAL) (2) (.2 (.39)

T300/5208 DRY BASELINE 148 21 .63
(90/45) (6) ¢)) (.02)
757 UNIFORM 233 34 1.07

112) (16) (.55)

NON UNIFORM 193 28 .81

9) (1) (.05)

NON-UNIFORM 219 32 .99

(RESIDIIAL) (10) (1) (.09)

AS/3502 DRY BASELINE 188 27 .82
(90/45) (13) @) (.09)
75% UNIFORM 213 31 .99

(10) 1) (.07)

NON UNTFORM 239" 35 1.18

(3) (.% (.06)

NON UNIFORM 234 3% 1.16

(RESIDUAL) (3) (.4) (.07)

Strain Gage Failure
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SECTION VII

7. CURE CYCLE OPTIMIZATION

The intent of this task was to use existing and developed
analytical tools in conjunction with our measured material prop-
erties to -evelop a procedure for minimizing residual stresses
induced during the cure cycle.

This task was performed for this program by Y. Weitsman of
Texas A&M University, and a completé description of his procedure
is given as Appendix D to this report, entitled "Minimization of
Residual Thermal Stresses in Cross Ply Laminates.” That work
presents an analytical-numerical scheme to minimize the residual
thermal stresses due to cool-down of a cross ply laminate.

As an example of the application of the procedure described
in Appendix D, Dr. Weitsman was provided with power law fits to
our 90° conipliance results as described in Figure 5¢. 1In that
figure we show our previous results for wet and dry 90° coupons,
in which the master curves for the two conditions were obtained
by graphical (horizontal) shifting of the 90° data. We used
these results, rather than the more consistent data set which

results from using G;o-derived shift factors, in order to examine
the widest possible range of our data.

For each case shown in the figure, the data were fit with
the power law form

D(§) = D, (§+£)% s)

and the four sets of fit parameters given correspond to the four
indicated solid curves. Based on these sets of parameters, the
optimized cooling paths (for AS/3502) derived are shown in Figure
51.

-

In each case, the cool-down path corresponds to an initial
rapid temperature drop from Ty (cure temperature) to the indicated
T1. folloved by a (nearly-linear) cool-down to a temperature Ty,
the cool-down being constrained to occur with 100 minutes in this
case.  All cases shown yield similar residual stresses.
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For comparison purposes, Table XI gives the calculated vis-
coelastic and elastic vresidual stresses for each of the four
cases. The moduli used for the elastic computations were given

, by
E S U :
' D(o) Dy £, 4 (6)
TABLE XI RESIDUAL STRESSES (MN/m?)
—
Case No. Viscoelastic Elastic % Differer.ce

1 11.90 12.85 8
_ 2 11.91 13.19 11 -
% 3 11.99 13.86 16
| & 12.59 14,25 13




SECTION VIII

8. CONCLUSIONS AND RECOMMENDATIONS

We have obtained a rather complete linearly viscoleastic
characterization of two graphite-epoxy material systems by
measuring the principal properties as a function of time, tem-
perature, and humidity. We have used this experimental charac-
terization, along with slightly-modified, but conventional,
analysis techniques to predict time-dependent laminate response.
We believe the results are of general applicability for ascer-
taining the magnitude of time-temperature-humidity effects on
structural composites. Specific conclusions and recommendations
are summarized below.

(o]

Immersion testing is a viable procedure for short-term
experiments on "wet' specimens. The problem of specimen
dryout is circumvented by such procedures, and a reason-
able choice of fluids for the immersion, particularly
those with high boiling points, allows simulation of any
relative humidity.

The principal properties Eyj and vjo are not sensitive
to time, temperature, and moisture. This feature also
appears to hold for the Poisson ratio Vyy of (f45)c
coupons.

Long-term results are predictable from short-term tests

by simple horizontal superposition on a log-log scale.
Master curves extending over 10 decades in reduced time
were produced by such superposition of 2 decade tests in
different environments. Verification of such master curves
by longer term, elevated temperature tests extending for

nearly 4 decades in time was accomplished for (¥45),
results.

Moisture and temperature effects appear independently
superposable from the (fAS)gvresults, that is, the com-
bined shift factors may be represented by ary = aray-
This 1s not necessarily a general result, but in the
present case appears to provide a good overall descrip-
tion of the data.




Prediction of laminate master curves is possible using
conventional analysis procedures. That is, for the
loads and environments tested, quasi-elastic analysis
using stepped intervals in time to follow the measured
principal properties provides excellent predictions of
"laminate time-dependent behavior.

Time-dependent tests on 145 coupons for Gy,(t), with the
Halpin-Tsai equations, provide an excellent assessment
of the expected material response to environment. The
derived Gj,(t) values, along with reasonable fiber and
geometric factors, yield good agreement with both our
measured E92(t) results and independent neat resin mea-
surements. These Gy (t) and E22(t), along with measured
E11 and vio values t%en provide very acceptable laminate
predictions when used with quasi-elastic lamination pro-
cedures.

Considerable difficulty was encountered in obtaining con-
sistent results with 90° coupons. Although damage effects
were suspected, no evidence of such was found. These
difficulties could perhaps be avoided by relying on (f&S)c
measurements to obtain all time-dependent results, as
summariz:: ..: the previous iteuw.

Evidence was found for possible physical aging phenomena
in the 90° results. Specimens which had "aged" for about
one year tended to give different time-dependent results
than new specimens. The aged specimens exhibited less
time dependence than expected on the basis of 145 results.
If the specimens were 'annealed'" near the cure temperature
briefly before test, however, their creep response was
similar to that observed for the %45 coupons. This is a
possible example of the aging effects noted in Ref. 16,

by which the moduli of amorphous polymers changes due to

a reduction in segmental mobility (decrease in free-volume)
with time. If this effect is indeed significant, it
implies that the usual superposition procedures will not
apply. We, therefore, suggest some degree of caution in
measurement and prediction of time-dependent properties.
One should at least ensure that comparisons are made be-
tween materials similarly aged. Even better, however,

the aging effects bear scrutiny in some detail. Since
the materials are expected to become ''stiffer” because of
such aging, procedures such as we have here employed would
tend to present a conservative prediction of long-term
behavior.
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Shift factors derived for (dry) elevated temperature
tests are cccorelatable with thermal expansion of the
ma-erials. This suggests that the shift factors (dry)
are related to free volume. The equivalent correlation

for moisture effects (swelling and shift factors) does
not seem as simple.

All master curves were derived by simple horizontal
shifting on log-log scales. Although smooth and re-
peatable curves were derived, this does not address the
possible requirements for vertical shifting. It is

clear that combinations of vertical ind horizontal shift-
ing could probably produce eciially goed master curves,
but the arbitrariness of such a procedure is question-
able if the data set does not appear to require it.

Although limited tests were performed on the rate de-
pendence of tensile ultimate properties, it is clear
that cognizance of such effects must be maintained. The
rate used for tensile tests should be similar to any rate

pertinent to use of the tensile properties, e.g., fatigue
testing.

In general, the time-dependence of these graphite-epoxy
materials is not particularly strong, especially for a
reference RT-dry condition, wh2re significant effects
occur only after many decades in time.

For other conditions more representative of service,
however, such as warm/wet environments, dramatic chnanges
in matrix-dominated properties may be expected in times
of the order of months or even weeks. At the verv least,
it would appear appropriate for the designer to bave
access to Gyp(t; master curves for various reference con-
ditions, so that at least a preliminary assessment of
potential property reduction might be made.

The work reported here has been concentrated in the re-

gion of linear viscoelastic response. Further work should

be conducted to examine the behavior in regions of non-
linearity.

A general procedure for laminate analysis under condi-
tions of transient and non-uniform temperature and mois-
ture has been presented. (Appendix C)
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o Certain minimizartion of residual stresses due to cure
may result Dby employing an optimized cocl-down path

; after cure (Appendix D). Although the reduction in

i residual stresses -~re not dramatic, they serve to indi-

cate that additionel benefits may accrue if a more

scientific approach is taken toward the entire produc-

tion cure process. It is hoped that future programs

will address this area in more detail.
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APPENDIX A

BASELINE TENSILE DATA




BASELINE TENSILE DATA

MATERIAL T300/5208 LAYUP (0)
: 1
f ;
| RELATIVE TEMP STRESS STRAIN INITIAL NUMBER {
! HUMIDITY ULTIMATE | ULTIMATE | MODULUS OF ¢
| % °k (°F) | Mu/ME | KS1 % CN/M2 | MSL | COUPONS !
-
Y Y
¥ RT 1494 217{ 1.03 132.0| 19.2 3 i g
] (138) | (200 (.68) 6 (9N !
i DRY ;
~ 436 (325)] 1159 | 168 92 138.8 | 20.2 3 {
' c1e) | i (.os) o.n 1. 1
i — i
RT 1342 195 .94 137.8| -0.0 3 }
) .1y ¢.09) 6. .9 N
75% —_— }
372 (210} 1300 189 53 126.5| 18.7 2 H
(192) | (28Y (.11) 5H ] cn B 1
1 3
RT 1313 191 92 133.21 19.3 3 3
(193) (28 (1) (4.0 (.6)
95%
372 (210)] 1567 2281 1.19 125 6 | 18.2 3 ]
(16) (] oD ( a) ‘NS :
‘. P
H i
i .
“ BASELINE TENSILE DATA 1
| S
MATERIAL T300/5208 LAYLR  (90)) : 3
! ;
“
!) RELATIVE TEMP STRESS STRAIN INITIAL NUMBER { ;
| UMIDITY o s ULTIMATE | ULTIMATE | roDULUS oF
A X (°ry |Mi/M2 | Ks1 A cn/MZ | MST | COUPONS
. RT 48 7 .50 Q.6 1.6 3
' (11) (| 1y (9] D
‘ DRY 5
: 436 (325)] 34 S .39 g5 1 1.3 5 ?
\ M o] ey g el cow 3
L RT 27 4 24 1.3 1.6 4 *
; (&3 ()1 (.88 (5] B
t N 75%
P 372 (210)] 20 3 .23 10.4 1.5 3
i (6) M| coen (.3) 1 (.04)
.. : RT 28 4 .26 1.0 | 1.6 3
. (1) My con (1.5 ] (2
v 95%
; 372 (210 16 2 17 15.0 2.2 1
(-) )] ) (-} {-) )
: \
(I
0
o 92
.ii
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RASELINE TENSILE DATA

MATERIAL T300/5208 LAYUP (¥45),q ;
RELATIVE TEMP STRESS STRAIN TNITIAL NUMBER
HUMIDITY o ULTIMATE | ULTIMATE | MODULUS oF :
% °k (°F) |wi/m2 | xs1 L3 cN/M2 | Ms1 | coupols ;
KT 161 23 1.17 20.4 3.0 4 ]
6) | ) 1) e o ]
DRY
436 (325) 11z | 16 2.0 |66 | 2.4 s ]
) ey B RS RN
RT 160 23 1.69 17.6 2.5 4
(4) (D ) ey e
75% - -+ E
372 (210)f 118 17 2.8% 9.8 14 1
) 1oy 2 ey o
RT 160 23 1.92 17.5 2.5 4
() | 200 .o
95%
372 (210)f 119 17 3.1z 9.2 1.2 k)
D | ¢y ¢ ey oy
BASSLINE TENSILE DATA
MATERIAL T320/5208 LAYUP  (0/%45)g
RELATIVE TEMP |  STRESS STRAIN INITIAL NUMBER
HUMIDLITY VULTIMATE | ULTIMATE | MODULUS oF
3 °¢ (°F) MM | xs1 " ch/M2 | st | courous
. RT 593 56 1.03 s7.2) 8.3 )
| 30) | W (.09) el e
) i DRY
. i 436 (325); 598 87 1.17 4.3 1.6 S
5 | (oa) Jasy | »
RT 6H3 75 .92 s2.1 ) 7.6 4
(41 | @ cony la.oy| D
3 75%
+ : .
\, 372 (210 453 66 .93 ~8.8 7.1 e}
@0 (1) (.02) (&) | (D)
i
‘ RT 465 67 .85 s6.5| 7.9 3
: 12y | (16) 18) @ » | .»
{ 95%
; 372 (10 =24 76 1.07 93] 12 3
“ an lao | o ] (D
|
; |
'3
p
1
93
¥
el
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BASELINE TENSILE DATA

" SR Y

MATERIAL T300/5208 LAYUP (90/%45)
RELATIVE TEMP STRESS STRAIN INITIAL NUMBER
HUMIDITY o o ULTIMATE | ULTIMATE MODULUS or
% K (°F) | /M2 | kst b3 on/M2 | mst | courous
RT 148 21 63 51| 37 4
(6) 1) .02 Cey |l D
DRY
636 (325)| 14 21 70 230 33 12
a0 | (_09) 2 { a3
RT 2133 34 1.07 25 6 ? <
(112) 4 (16) | (.59) (D]l
15%
372 (210); 142 21 12 22.0 K 3
(3) (| (o2 ey | (LD
RT 178 2 .80 5.8 17 3
| (6) (1) (.04) enl
95%
372 (210) 132 15 .63 230 3.5 3 .
(3) &yl (o) an| (o i
BASELINE TENSILE DATA
MATERIAL T320/5208 LAYUP (0/9C,%4%)
Vel TIVE TIM: ! STRESS STRAIY INITTIAL NUMBER
HUMIDITY ULTIMATE | ULTIMATE MODULUS oF
% °k (°r) | m/H2 | Ks1 A CN/MZ | HMSI | COuPONS
RT 15 75 1.02 st.a]| 7.4 1
) Lo ) (-) (-)
DRY
436 (325) qrf! 69 .94 50.8| 7.4 2
(12 | () (ad) Csron
RT 483 70 92 s21] 7.6 4
43 | (& (00) a0
75%
372 (210) 453 66 .93 W8] 7 3
| () | () (.18) (@] D
|
RT 465 67 .85 sa 5| 7.y 3
Qi | sy 18 |0y | . »
95%
372 (210) 52 76 1.07 49.3| 7.2 3
g | ao {.15) (] Y
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BASELINE TENCILE DATA

MATERIAL AS/3502 LAYUP (0),
RELATIVE TEMP STRESS STRAIN INITIAL NUMBER
HUMIDITY o ULTIMATE ULTIMATE HOPULUS QF
% K (°F) { /M2 | KSI % GN/M¢ | MST | COUPOuS
RT 1505 2191 1.09 126.7] 181 5
(190) | (28 (.12) .6
436 (325)) 1539 2230 1.24 12¢.00 18.0 5
(54) @ | 2y .ol cw
RT 1599 23 1.23 118.1 171 4
(146) (21 (.09) (11 .9 (1.7)
372 (210)] 1567 227 1.19 125 .6 18.2 3
(16) 1 on (o] oD
RT 1710 | 2us| 1.24 128.0| 18.5 4
(65) (] (.05 an] Y
372 (210)) 1551 225] 1.19 1264.0| 18.0 3
a3 | oyl o9 2.8l

BASELINE TENSILE DATA

MATERIAL AS/3502 LAYUP (90),¢
| RELATIVE TEMP STRESS STRAIN INITIAL NLY.ER
HUMIDITY ULTIMATE | ULTIMATE | MODULUS OF
. °k (°F) | /M2 | KsI % GN/M2 | MS1 | COUPOR
L
-
| RT a4 6 L4l 10.7] 1.6 5
i { (€D} W _¢.eh ] D
. DRY ,
! 436 (325) s 5 19 9.3] 1.4 5
i () (| .08 6y ] (L
RT 27 4 24 11.0 1.6 4
; &) | 1 ¢.ce) ()RS
[ £34
372 (210)] 20 3 .23 19.4] 1.5 3
(&) (| Con (3l cow
RT 28 4 26 11.0) 1.6 3
el on 1.5 €2
957
372 (10)] 16 2 17 150 2.2 1
() Gy ) (2] )
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BASELINE TENSILE DATA

i MATERIAL AS/3502 LAYUP  (145) 54

[ ;

% i RELATIVE TEMP STRESS STRAIN INITIAL NUMBER |
i H HUMIDITY ULTIMATE | ULTIMATE MODULUS OF

E ! . % (°F) |misM2 | KSI % /M2 | mMs1 | courons |
P 1
' RT 165 24 1.33 19.6 29 5

i ! (2) (.3)] (.06) .7 .1 |
E DRY 1
: : 436 (325 127 18 [ 2.65 6o | 23 4

; : &) (6)] (2 .5) D '—i
' RT 154 22 1.96 17 6 De 4 !
. (G EEEY) (4?) [ ¢l ;
; 75% !
i 372 (210)f 131 19 3715 10.2 15 3 I
| ) (2] a8 (.7) 1)

; RT 156 23 3.08 17 3 205 4

] (1) | Qoo (D ¢

[ 95% ﬁ*ﬁ
; 372 (210)] 144 2 “.78 10.2 1.5 3

1 (6) (1) (1.19) (1 n) (0

o — e in

BASELINE TENSILE DATA

1 !
3 [}
‘ MATERIAL AS/3502 LAYUP (0/%4$)g 3
! ! .
! RELATIVE TEMP STRESS STRAIN INITIAL NUMBER :
! HUMIDITY ULTIMATE | ULTIMATE MODULUS OF E
A %k (°F) | /M2 | Ks1 - GN/M2 | ms1 | courons ’
1
RT 585 85 1 04 55 7 8.1 3
‘ : 5 D] (1 (1.8 L ()
DRY T !
\ 436 (325) 5%2 30 1.15 521 7.6 S 3
Gy G2y C9 e
| L SN :
; RT 557 &5 | 1.10 sa 6 | 7.9 4 1 ;
i (3% (%) {08y .2 ) (.00 1
1 v 757 3
y 272 (210)] 592 86 1.28 a8 .7 11 3 1
(14) (N o0y G k
i . P t
RT 507 73 .06 55.0 30 3
(37) (53] (1D 1.l en 1
. — e - —
. 95% 3
i 3772 (10 2 8° 1.27 49 .9 7.2 3 4
L i |178) anl 1o a.nlcn
E
b |
\ 1 {
a2 :
{ i
. I B
1 N :
) 96
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BASELINE TENSILE DATA 3
MATERIAL A5/3502 LAYUP (90/%4%)g
RELATIVE TEMP STRESS STRAIN THITIAL NUMBER
HUMIDITY ULTIMATE | ULTIMATE | MODULUS OF
% ok (°F) |m/M2 | kst % GN/M2 | msI | couPois l .
‘ |
i
. RT 168 2? 1 253 37 5
| (13) (2) ( 09) ( 8) Ay ;
DRY
436 (325)] 172 2% 82 23.5 3 S K
) (1) (.on (.5 0 -
:
RT 213 k) RT 26 1 3.8 A 3
ST N ¢Y) (.01 (.5 (9 !
75%
372 (210)) 160 23 79 218 3.4 3
' (7, (1) .07 [QE )] (SRS
- T+ ——- .
RT 212 3 99 2h.3 3.8 3
(5) (1) (.04) (1) o)
951
372 (210)) 156 23 .82 234 3.4 3
: oy [ ] oy jao] b
' . BASELINE TENSILE DATA
‘ MATERIAL AS/ 3502 LAYUP (0/20/%45)g
i
' RELATIVE TEVP STRESS STRAIN INITIAL NUMBER
HUMIDITY ULTIMATE ULTIMATE MODLLUS OF ;"
Po% °k (°F) |r/m2 | kst . GN¥/12 | MST | COUPONS i
[
' RT S35 78 110 49 .3 71 4
! @ Ly [ ooy [ s o
' DRY —
H 436 (325)] so7 7h HICO R A I IS 3
: (2) .3) «57) (.4) (.1)
[ RT 490 7 a8 52.0 7.5 4
: . (30 (a) Cerr e )
; . 75%
I 372 (210} w91 71 1.4 464 6 3
(14) (2) (.07 (.8) (.1)
RT 481 70 94 51.7 7 3
(32) (5) (.07 .7 0
957, .
Y 372 (210); 493 72 1.0% 47.8 6.9 3 :
(30) (@) (0 (1.8 ') 2
. 3
P _
‘x -
b s
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QUALITY ASSURANCE PLAN
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General Dynamics Specifications FMS-2023A establishes the
minimum requirements for graphite - -fiber-reinforced epoxy lami-
nating materials for primary aircraft structure. Prepreg in-

spection and mechanical property requirements on the supplier

and on GD for acceptance will be controlled by that specifica-
tion and FPS5-2003, "Advanced Composite Materials Test Specifi-
cation."

General Dynamics Specification FPS-2021C establishes the
requirements for lay-up, inspection, and cure of laminates using
FMS-2023 materials. Ply inspection, lay up, preparation for
cure, storage, cure cycle temperature and pressure profile cor-
trol, and Jdocumentation will be controlled by that specification
and FPS-2002B, "Process and Quality Control of Adhesive Bonded
Boron and Graphite Composite Assemblies.'

All laminates produced for this program will be monitored
as outlined below to ensure the integrit,; of fabricated test
specimens.

1. Incominz Prepreg Inspection and Basic Material Properties
Per FMS-2023A, to include:

0o Cured ply thickness
o Tack
o Mecganical properties: o o
- 07 flexural strength at RT and 450 K (350°F)
- 0° flexural modulus at RT
- 90° flexural strength at RT and 450°K
- Horizontal shear strength at RT and 450°K

2. Cure Cycle Parameter Control
Per FPS-2021C, to include:

0o Ply inspection, layup and cure preparation
o Cure cycle pressure and temperature profile control

Additionally to include:
o Dielectric monitoring of cure for detection of irregular-

ities by comparison with standard recordings of verified
panels.
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Cured Panel Inspection

o VUltrasonic C-scan of panels prior to machining of speci-
mens .

0 Mark reject areas to recover accepfip.e areas
o Resin content measurement of ques.ionable C-scan areas

Test Tabs

o Standard unidirecrional panel for mec.'anical
as in (l) above.

o Test tab of each layup for use in Task 3, moisture trav-
elers for Task 1 and 2, and property recrheck, as necessary.

. roperties

Pretest NDI

o Visual and optical examination of each test specimen for

- General appearance: )
Scratch or scribe marks, cracks !
Peel ply removal
Disfiguration or distortion
Unusual discoloration
Uniform thickness and widch.

- Edge conditions:
Smooth and parallel
Nicks, crack, scratches
Fibers displaced or pulled out.

- End tabs
Proper taper
Placement relative to specimen and each other
Proper bonding.

o Proper layup and number of plies

o Random sampling of ultrasonic attenuation (low-level
porosity)

o Erhanced x-ray of questionable edge ccnditions

Dimensional Characterization

- Width at three locations in gage section
o Thickn ss at six locations.
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: 7. Microphotographs
o 60 x for voids, cracks, delaminations, ply count and ;
orientation on at least one specimen/group. 3
i 8. Fiber Volume
o Specific gravity of cured laminates
) o Fiber and resin content.
' 9. History
o Complete material, panel, specimen history of above
measurements .
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1. EXPONENTIAL SERILS FIT TO RELAXATION MODULI

Let D(§) denote a creep compliance, such as Sxx(E) or Sp,(§).

The relaxation modulus corresponding to D(¥) is denoted by E(E);
it can be calculated from the following simple relationship with
negligible error (Ref. 1):

Fg)= @t oo

where n= dﬁcg'D (2)

TImE

For all compliances obtained in this study, n is sufficiently

(1

~s

small to permit use of
i
E = =
&) ® (3)
Stress analysis of laminates is facilitated if all time-de-
pendent prinicpal lamina moduli are expressed in terms of a sum

of exponentials in reduced time E;. Namelyv, let Em dencte the

so-called "Prony" series,
Eu6)= Ee+LE; e ™= @

The constants E,, E;,
nethod given in Ref. 2. The quantity E, is equal to the equili-
brium modulus,

Ee = E(o0) (5)
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and T, can be found by using the collocation
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which can be taken as zero for the range of reduced time covered
by our data. The series (4) is then equated to the given (mea-
sured) relaxation modulus E(§) at a set of N values of E, denoted

by &;. The time constantsT; are given as

Table C-11lists the values of the coefficients and time con-
stants obtained from fictring (&) to Szz'l(ﬁ) for AS/3502 at points

one-half decade apart in reduced time. For example, write

iy ° N e
See(B)= B+ L E, &7
Then Ej; are the coefficients listed in Table C-1. Evaluation of
the series at points intermediate to the fitted data pocints serves
to check the accuracy of the series representation; we have found
excellent agreement with the given function, such as 522'1(g)
which is plotted in Figure C-1.

Before turning to laminate stress analysis, it should be noted
that the exponential series (4) enables one to calculate easily
the complex modulus, which is useful in vibration analysis.
Specifically, let E* denote the complex modulus

X 174
E =E/+jE (8)
where j = ~~T. Then corresponding to an exponential series fit

to the relaxation modulus,
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EI/ 2 Wil (10)
¢l zzl+i
where w is the frequency and the constants (Ee, L., T;) are
those found previously from the reciprocal of creep data.
2. STRESS ANALYSIS OF VISCOELASTIC LAMINATES
2.1 Lamina Constitutive Equations
By employing the accurate quasi-elastic method described
in Ref. 1, the relaxation reduced lamina stiffness Q;. and the
laminate stiffness can be derived. Tollowing the notation in
Ref. 3, the so-called reduced stiffnesses are
Q= s )
38 S,
; = S
i Q= z (12)
: 12 SiS;~ S,
_ Sy (13)
b = 2
f: 225,575,
1
® Q= = (14)
Ly See
v
; where Sij = Slj(ﬁ) are the principal creep compliances for the
J lamina. Exponential series can be fit to the Q;. = Q;;(B) by
7

the collecation method described above.
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The full set of lamina constitutive equations in the lamina

principal coordinate svstems 13
g = Qu{é,—O(,AT re,AM} + Q.g{(’:&"xz‘ﬂ ‘ﬁzAM}
& =Qle-%aT-8.oM} + Q, {e-0c.aT -BaM]

tu_ = QGG {b’a} (15)

where Qij{} is shorthand notation for the hereditary inte-

sral

: oL
Qit= JQ, (5-5) 5% 4

(16)

and "I" represents any one of the argurments (e.g., &, ~oc AT -8 ,AM)

appearing in (15). Also ,
E;= fdfﬂ E:: dt’
5 %m g am (7
where apyy = aTM(T,M) is the temperature- and moisture-dependent
shift factor. For time-independent moisture and temperature,

14

— —— — -

- Qrm ) - QM

t a/t
(1.8)

The expansion coefficientsckl,ccz,‘ﬁl, andjsz, in general
riay depend on reduced time (Ref. 1). If thev are independent of
reduced time, but are functions of temperature and moisture,

they are properly interpreted as secant (rot vangent) values.

Bl e




Also, for this case, it can be shown that, without any loss of

generality o¢j can be taken as the coefficients in a reference

moisture state; i.e.,ol; =&, (T), but in general,ﬁSi = B (T,M).

2.2 Laminate Anelysis for a Spacewise Uniform,
Transient Temperature

For the case in which the temperature and moisture are either

time-independent, or spacewise uniform or both, elastic solutions

by means of the quasi-elastic method can be used to predict lami-

A it 0 e

nated stresses and deformations (Ref. 1). Each ply is assumed

! to depend on the same shift factor apy.

Let. us illustrate the method by showing how laminate response

can be calculated fer the case of a time-dependent, spacewise-

e a—————

uniform temperature, in which stresses result from thermal ex-

pansion (or contraction) and external mechanical loading.

As the first step, we solve the problem for an elastic lami-

nate using, for example, the equations in Ref. 3; in this step,

the mechanical loads and temperature changeAT are to be time-

wise constant. However, the reduced stiffnesses for each ply

| are to be those in Eqs. (11) - (1l4), which depend on reduced

—— e S S

time. This so-called quasi-elastic solution should be evaluated

at a series of reduced times; one or one-half decades spacing of

/ the reduced time will normally suffice if an interpolation is

3 used when perferming the integrations described below.
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Suppcse the inputs are the forces Uy, Ny, Ny and moments
My, Hy. and Myy, and temperature change AT. Consider any one
response quantity of interest; say the stress (02)k in the k-th
plv. The quasi-elastic solution :an always be written in the
form,
(G2 )= ANt AN * ANy * A Mt AgMy t A “A,8T
(19)
where, in general, Xi are functions oY reduced time; thev are
simply the coefficients found from elastic analysis using time-
dependent properties 1in Egqs. (11) - (1l4). For time-dependent
inputs,
(G = AING*AIN T 4 A,1ATS (20)
where, as before, AL{} is shorthand for the integral
t
AT [Aa-8)55 ¢
°© (21)
Thus the problem is reduced to elastic analysis plus numer-
ical or analytical evaluation of the integrals (71). A numeric-
ally-efficient method for evaluating such integrals when Xi is
expressed in an expnnential series is described below. For iso-

thermal problems, the integration can often be accomplished

analytically, depending, of cource, on tae time-dependence of the

input.
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2.3 Analysis for Transient and Nonuniform Temperature
and/or Moisture

For the general class of problems considered here, quasi-
elastic analysis cannot be used bevond the calculation of the

Qij in Egs. (l1) - (l4). 1Instead, an incremental time-marching

numerical method of solution is required, such as used in Ref.

4 for cross-ply laminates.

4 very efficient numerical solution for solving analogous
problems involving isotropic viscoelastic materials was devel-
oped several years ago (Ref. 5) and is detaiied in Ref. 6. It
is based on thz use of moduli which are represented in exponen-
tial series in rcduced time. The shift factor ary may vary from
point to point. For ease in reference, it is reproduced here,
with an appropriate change of notation to treat anisotropic
materials. The method is particularly suited to the finite ele-
ment method. Basically, the lamina constitutive equations (15)
and (16) are reduced to elastic equations for the current time
step.

In order to illustrate the method, it will be sufficient to
consider the numerical evaluation of an integral which is repre-

sentative of those appearing in Eq. (195):

+
S=J¢(£—E’)%dﬁ’

(22)
Let t(8)= &, + &*(&) (23)
112
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where ¢*(g)=m§‘: ¢m e‘[Bmg

(24)
E ‘ Then, Equ. (22) becomes
3 t
) n Q€ '
x N =
S= ¢e+ [P -8 ) 55 dt
° (25)
' The discussion deals explicitly with the effect of tempera-

ture in the equation. Moisture can be included in an analogous
fashion.
2.3.1 1Incremental Determination of the Constitutive Law

Subdivide the time span {o,t} into N intervals such that

Lo = 0st) = & +Atl, .o BN T tyop T Ay = t. For S(x,ty),

€(x, ty) write S and € respectively.

Assuwning that § (x 0) =€(x 0) = o, Eg. 7?5 c-n be written

as tN—l

Su= sent [ @HEn-E) SE St

o —— i s i i

ey
+ [ a8 3 4t

.tN-I (26)

R et

Now within each time interval approximate the time rate of

change of each strain component using

e oy A 4.

. —— e -y

i‘ ac . En~Ewni {:N“ﬁ tstu
o It sty (27)
v Thus, Eq. (26) becomgs
N-t , 'aé 4/
4 S,J:¢05N+f ¢*(EN'£)8t'd“
i ° tw
; |‘ +(»€M"6u—l\ ( ¢*(£N_£I>C‘£l (28)
( ‘ : ‘QtN //.)

] -1
b 1113
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Define the quancity/iN as

ty
fen = z%/ B (En-E)dE + Do
Ntm (29)

and let

| o
L T En- ¢*(£n‘£')df/

i €
+ f B* (Eu-&) 57 dt
o) (30)
or, using (29) in (30),
éN" af
LN = { Lf Qs*(EN—g )é—{’ dt’ — (/‘LN‘¢O)€M-I}
P .
(31)
Using the definitions (29) and (36), the her.ditary integral
at time ty is obtained from Eq. (28) as
S, = €+ Ly (32)

The analog of Eq. (22) appears in elasticity when considering

a material subjected to thermal loading (LN). /“N represents the
modulus for material point x at time ty and reflects time-tempera-
ture dependence of relaxation behavior during the time interval
tN_lStﬂStN. Ly is the contribution of complete past strain and
temperature history on current (ty) response. The procedure for
calculating the quantities /4y , Ly is discussed below.

2.3.2 Determination Of/iﬂ

Consider £q. (29) and substitute in Eq. (Z24) forgﬁw;

ty
S | M “Bm(EN‘E’ B
/“*N*&Nfz, Pn€ dt’ + @,
; mer 114 (33)
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The ¢m are time- independent material parameters; thus

mz,:ﬁm{zxth,g i Can &)c}‘é} + Qo ;

(34)

Defining

ty ,
Tim = s j o BrEnE) gy

N
é T (35)

we have

ot d ot M,

M
- MZ‘ BT + Po (36)

The problem of calculatin%/iN is reduced to that of evaluating

the integral Jypg. The procedure for finding Jy, is delayed at this

point, and attention is now directed to the term Ly of Eq. (32),

2.3.3 Evaluation of L\I

}

}

i

? which is also shown to depend on the integral of Eq. (35).
f i

¢*(E &)at'df (37)

\ 2 Eq. (451) can be wrltten as

Defining LN= j

‘:l LN = [%N - (/U.N"Qso)é-u-; ]

? : (38)
} Substitute Equ. (24) in Eq. (37) for@ and movePp from under the
. 1
; '_S integral as before
o
R Fn-1 CE -£) e
%' Ay = 2: anw{.f P 3¢ dt
) Maji (39)
?. Let
N M ’
:; 5 —ﬂ'ﬂ\(gp-z) _a_é (W4
' (JN”' g € at’ 9t
;; 5 5 (40)
[ 115
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Hence %N = Z ¢'“C‘Nm

ms
(41)
Now expand Cy,, as the sum of two integrals
th-2
-Bm(EN-E) ¢
<3Nn7:‘[) e ﬁ 3 dt
e}
tNﬂ '
~Bm (En-&) €
p-2 (42)
tue
or u E- ma -1 p
CNm eﬁm N BmEw. §fe M<EN\ &)at'
£p-i 3
Bl ~&) 9E€ |,/
v | e St ,
¢ (43)
N-2
From definition Eq. (40 it is seen that
Tn-2
Br(BanE) 2 g = ©
e at N'l)m (44)
(0]
Thus, Eq. (43) can be written as
—_ —ﬁm(ﬁN r)
CNm - e {CN Lm
(45)

tn-z

Let &y~ EN—I =ALy and use the approximation Eq. (27) in Eq. (45):

6"\‘AEN n-t —En-
(j;nw g(jnnvn "7;%::—l"'

tyr
et o

But the integral appearing in Eq. (46) is defined previously in

Eq. (35), hence
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- ’5mA EN
CNm b e {CN-IJYY} + N-I N 7.) J_-l ,m

(47)

To summarize this section, the term Ly which represents a

contribution of past strain-temperature-moisture history to Eq.

. (22) valid at time ty, 1s found using Eqgs. (38), (41), and (47).

From the form of Eq. (47), it is seen that the effect of history

is considered by means of recursive computation based on certain

parameters known from the previous solution time point. In

terms of numerical computation, this means that total history

need not be retained for calculating a constitutive law governing

current response.
In order to complete the calculations for Uy and Ly a pro-

cedure for evaluating the integral (35) must be developed,

. ——s s e A 8

2.3.4 Evaluation of JNm

; . Recalling Lgq. (35)

N
t | (35)
j . 'én.
{ iﬂ; Now expand Eq (39) £
1 ’ “
! i . [ ~Bm & (ty-1)
- T =3 536’5“’ By + [o dt
{ ! Y 'tUI tu-«

' N
, _J o ~Bm A (tn t)dfz (48)
tN—I

, tu- LTS o
. J~m=“’§§ eﬁmut"t)d‘i

e BnCEE) _
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Let the change in reduced time AE,N during the time interval

AtN be related to Aty through the parameter, a,

EN'Enu_' = a(tN-tN-l)

or _ A,
Aty (50)
Define the quantity JN;; as
-8 (Em &) ‘ﬁmd—(f -t)
Nm At i‘ [ " e " ——]A-é
(51)
Thus Eq. (49) becomes
Ty
— } { r ",Bma-(tu't) »*
= — e —— +
J;m AtN apm Le J Jr:m
M- (52)

Using Eq. (48) and performing the evaluation at the limits of

integration, Eg. (52) reduces to

T = [i-e**] + J=

BmAE,, nm (53)

Finally consider ng defined in Eq. (51)

. ' mCE,, B (ta-t)
¢ NmAtS[A£E) e,ﬁAtnotNJA«é

N

T T e ——
.

TR A O U S S

o T e e

(54)
| Let
' (t-t,) (t-t,.)
7= + S
sty At
_' which is to say thax
é _ &t .
“' T— Z (t-1+ —tN ’ tN_lét StN (55)
- 11¢
R
(e L , .




Affecting a change of variable in Eq. (54),

)
® [ [ BmEaE) SN
| J;m‘af[e ~ gz | gt (56)
|

Eq. (56)is in a form suitable for numerical evaluation using

Gaussian Quadrature. One final step, however, must be developed

in order to complete the determination of Eq. (56). Reduced
time and real time must be functionally related over the interval
thN-1 2 =ty
2.3.5 Evaluation of &
At a given point in space approximate the temperature as a

linear function of time® within the intervall&tN;

e ——— ——— -ty QAT N

t o A /
r A ,
i /
H N /
: : ~ A
i o N n
¢ | # AN
‘ ' ‘1ol
o |
| i
{o .
' i, T P T
. "
P Yol ty
s Y
3 "'l
1 A}
. _’
A
! -
Vi
1 ( e * The order or this approximation is consistent with that assigned
E i . for each strain component, see Eg. (27).
[




Thus
!
T(t>= A|N+A2Nt ’ tN-\ = -t = -éN
(57)
where A = et Tutu
. N Aty
: A - L
N Oty (58)

5 Recalling Eq. (17) and defining Bzargl and £ = In P,

t t
E-= J AH(T)dE = S eFU'} dt 3

v e s

. D (59)
} For the interval ty_1<t =ty we have E
N-1 N
tua t b
- (T ) AND) ‘ 3
g={ef™Mdr+ \ & dt ;
o tu-i

or

+

' f(T) ’ f
£ =&t . E dt
: ’ N-1

] t (60)

T TR V)

dow change the variable of integration to T

ot 30 S

l—\/ A /
dT’ = AgZpat

A — e, A ) W—

V: °or T £
i
) 'u g = EN--a + S d
b T, e
M N-|
-y (61)
. 1".
! whizh can be expanded to
l" T T
9 for) \{a @
? E<E.*) & dT'-S € _ d1
|“ T N T AZrJ (62)
? where T* is an arbitrary value of temperature.
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Define T

Q(T)=Sr e dT

: Thus, using Eq. (63), Lq. (€2) becomes
H |

E=&,.+an [QM-QM.) ] (64)
for &N-l =&=s EN

(63)

' Note that the change in reduced time in the interval Aty is

found from Eq. (64) to be

28,= - [Q) - Q)]

Suppose that the temperature does not change in the interval

(65)

: Aty, then reduced and real time are proportional. Thus, when
i Ajyy = 0, Egs. (64) and (65) become
! (Ty.,)
A E-E. te ™ (f-tN-l) (64a)
I |
are

2.3.6 Summary of Computatioconal Steps

C The formulae presented in the preceding sections are for

evaluating the hereditary law at time ty for a linear visco-
g Yy N

) elastic material:
\ {
» [SN =MEnt Ly

§ Assuming that a solution has been obtained at time ty_, and
.

e a———— By /W ——

i
that the temperature and moisture distribution is known at Ty, ‘

then we can proceed to evaluating the response at ty as follows.

: d’ Ath tN _-tN'l ATNE _I_N --I-N‘.l
{ ;‘ A\ - -T;d-ltn .--‘-Ntuq -~ Aly
{ T Aty Man At

[ 121
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Recalling the approximation for T(t) within Dy
T = AlN + Ath,
Then reduced time is calculated using

&= &, * A QM -Q(T.)]
[ Aw=0, then E=&,,+ €™ et

wdg=E 2k Q) - QRG]

[f Au=0, then £umk,,+at, e ™7
T

Q(T)’ g ef("") ATI

where

The shift functionSﬁ(t) = ef(T) is conveniently defined in
a numerical table (Q5i vs. T; ). Then Q(T) can be calculated using
numerical integration at all points in T given by the input table
(T¥ is arbitrarily assumed to be the lowest temperaturc specified).
The value Q(T) for T # Tj is selected by interpolatiocn once Q(T;)
ave established.
Recalling that

ALy = EN'”auﬂ

and that the relaxation function in distortion is known 1in terms

of a Prony Series

T bt
B = Bo* L, BmE

ma

we can evaluate the integral
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using

[t=42 -0+t

Gaussian Quadrature.

Next form

which

which

which

to be

The constitutive law governing each component of stress-

strain is defined at this point for ty. Thus,

in Lkq.

i

[_-l - e‘ﬁ'ﬂA&u]
LBmbEy

Jm =

allows

maj

calculated.

g the response of the previous solution time interval, form

CNm = e-ﬁMA&N [Cw‘m * (EN-I - én- )J:hl,""]

leads directly to

XN =m.i ¢m cNm

in turn allows

L= D Gup- 26,

evaluated.

SN =/LNEN+ LN
An equation of this type is te be derived for each integral

(15). The problem is thereby reduced tc =lastic analysis

%
+Jm :

/U~N= ZCZMJ;","' ¢° !

]
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for predictions of the current values of each Sy and EN (e.g.,

i 61,0_2,61, CtC.)
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APPENDIX D

MINIMIZATION OF RESIDUAL
THERMAL STRESSES IK
CROSS PLY LAMINATES

*Professor, Civil Engineering Department, Texas A&M Univ.,
Collepe Station, TX 77840
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Minimization of Residual Tharmal Stresses
In Cross Ply Laminates

by
Y. Weitsman*

Abstract

This work presents an analytical-numerical scheme to minimize the
residual thormal stresses due to cool-down of cross ply laminates.

The analysis considers the time-dependent behavior of compeosites
and the calculations are based upon recent data on the thermoviscoelastic
response of graphite/epoxy laminates. It is shown that substantial
reduction in the residual stresses can be achieved by followiry an
optimal cool-down path.

*Professor, Civil Engineering Department, Texas A& University,
“olleze Station, Texas 77840
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1. Introduction

This work strives to apply some recent data on the time-temperature
responsc of composites [11*, [2] to achieve a reduction of the residual
thermal stresses in composite laminates which arise upon cool-down from
cure temperature to room temperature, by controlling the cool-down ;
process.

An analytical-numerical scheme is presented whereby an optimal
cool-down path is determined which minimizes the residual stresses.
The analycis is based upon a recently developed scheme [3] - [5] and

i
|
the numerical computations are conducted for material parameters that é
are representative of realistic properties. l

The calculations are performed for symmetric, cross-ply laminates
vhich cortain equal numbers of 0° and 90° plies. When such lamiuates
are subjected to fluctuating temperatures, the stiffer fibers within
each ply restrain the transverse Zefermation of the adjacent laminas,
and these mutual geometric constraints introduce substantial residual
stresses in the laminate.

Since temperature causes thermal expansion, it can be considered
as a stress inducing agent. On the other hand, temperature influences
most significantly some of the material properties of fibrous laminates
in a way which enhances the relaxation of stresses. The optimal time-
temperature path achieves the best interplay among the above mentioned
competing effects so as to minimize the residual thermal stress at the
termination of the cool-down phase.

2. Elastic Analysis

Consider a symmetric cross-ply compesite laminate, consisting of
an equal number of 0° and 90° plies, exposed to fluctuating ambient
temperature T(t). For typical fiber-reinforced composites it is
permissible to discard the precess of heat conduction and assume
spatially uniform temperaturés at all times t. Let CL, CT and C|2

*HNumbers n brackets indicate reference listed at the end of
this work.
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denote ply moduli and @, ay coefficients of thermal expansion, where
subscripts L and T refer to the longitudinal (i.e. parallel to fiber)

and transverse directions. respectively.

Consider first a geometrically constrained laminate which is

subjected to a uniform temperature-increment aT. Elemeitary

considerations yield the following expressions for the stress o and o :

Q
[}
Q
]

-(CLQL + ClzaT)AT
0 90 v
= —(CTaT + C]2 aL)AT

Q
]

Q
1

In {1) the superscripts "0" and "90" refer to the CG° and 90°
laminas, respectively, assuming that the longitudinal (i.e. fiber)
direction of the 0” ply coincides with the x direction of the under-
lying x, y Cartesian system. (Fig. 1).

Heglecting edge effects, the above stresses are relieved by
spatially unifori strains €y and cy so as to yield null resultant
forces FX and Fy in the » and y directions,

Due to the assumed symmetric layup of equal numbers of 0° and
907 plies we have

Fx = (./ =y (2)
The strains (2) give rise to the following stresses:

0_ 90 _ -
o Ty (G G (3)
o % . o 0. (C, + C,,)e

X y T 1?2

Combining (1) and (3) and requiring null resultant forces we get:

0, 9 _ 0 90
5 90,

o + 0 + ¢ =

X X y y (4)
= —(CLmL Flpp t C]ZGL + C]ZaT)AT + (C.L + CT + 2C]2)c =0
whereby
C'\.ul_ + CTuT + (:]2((\lL + (1.{) (5)
C e e B ket - ————— e -
CL7 Gy 20y,
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Insertion of (5) into (3) and superposition with (1) yield

2
o o0 oo ol Qb -Gy ) (6)
X y X y CL + CT + ZC]2
or, in terms of compliances
0 90 90 0 T T % (7)
Io1 = g = -g = ~g S —e AT
X y X y ST + SL - 25]2

3. Viscoelastic Formulation

It has been observed [1], [2] that the compliances SL and 512 remain
constant at all temperatures below the glass transition temperature
Tq. In addition, it was possible to express the time dependent
transverse compliance ST in a “"power law" form as follows

_ q
S. = S;* St (8)

vhere SI is the instantancous compliance, SC and @ are material

cunstants, and t 1s tine.

At elevated temperatures ST cen be exprossed by o thermorheolenically

conplex relation

I3 C
SATY = 5(T) + s [t/alm)]] (9)

In {3) a(T) is the temperature dependent "shifi-factor” function,

In the sequel we shdall erploy the average valuz of SI over the
range of temperatures relevant to our probler, thus approximating

(97 by a "thersorhealogically simple” expression.

Conscqnenily, for the viscoelastic counterpart of (7), we express
tive compliances (S( + SL - ZS]Z) in the for:
_\( \ oL i + NP fO 1)
Blt) 5y bc (10)
whore
l\ = C a\"’g' + S - ZS P [) - S
)} ._,] L -12 ahid 'C C

The coiutetion of stresses is greatly facilitated when a

relaxation function E(t) is ertloyed in place of the compliance B(t).
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These two material properties are related by reciprocal relations in
the Laplace transformed-time domain (6]
= z -1

PE(p) = [pB(p)]

Furthermore, an approximate inversion gives, to high degree of
accuracy, the expression 7

1
E(t) =

pB(p) 21 (1)
P =7t

Substitution of (10) into (11) yields

E(t) = ——
B, (1 + AtY) (12)
where
B
A=29r(q+ 1 &
1

In the subsequent analysis we shall further approximate (12) by
the following expression

E(t) = [yl + t)7° (13)

where EO and ty are chosen in such a manner that {13) provides good
agreement with (1?2) over the time-span of interest.

The advantage of form (13) is that it is amenable to an analytic
solution for the optimal cool-down path which, furthermore, is given
by elementary functions.

Employ:ent of (13) to represent the cenominator in {7) gives the
following expression for the stress o(t), accounting for transient
viscoelastic behavior:

t t
-q
0 1
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4. Optimal Cool-Douwn Path VWhich Minimizes Residual Thermal Stresses

Consider now the case of cooling from the initial cure temperature
TI down to rooni temperature TR in a iven time interval tf. We search

for an optimal temperature-time path T(t) which minimizes o(tf).

It has been shown [3], [5] that this optimal path consists of
abrupt drops in temperature at t = 0 and at t = t_. The initial drop,

f
from TI to TO’ is given by solving the the transcendental equation
i oq 2 (15)
0 I a'deT

In the open interval Q<t < te the optimal path T(t) was shown to
be swooth and continuous, where it is coverned by the ronlinear integro-
differential equation

F_"(t,tf) at

av _  ° h__.,__.__A(T_
Ut alT{)

. (16)
dt

In (15) and (16) priwes indicate derivatives with respect to the

b
ds

1

argument. Also

kith given £(t), a{T) and TI, the value of TO is determined by
(15) and the optimal temperature path can be consiructed by iteration
through the employment of (16).

The iteration scheme consists of dividing the time interval te
into, say, n equal sub-intervals At, and selecting a gucss value for

- ] -
T(tf) dencted by Tf( ). Then, at t = te (16) yields

oy 2 {7g)
0 FT () (07)

The ciscretization of te into increments At gives

oL ErloyatiTy)

A A (O BRI ELI A 9




——m

o g e me—— o

Now that both Te and T(tf - at) are determined it is possible
to extrapolate (16) back to t = t. - 2at and determine T(tf - 2st).
The procedure extends backward up to t = 0. Obviocusly, it is to be
expected that the value of T(0), thus extrapolated, will not
correspond to the valuc of TO as determined by {i5}). If T(0) > T
f(2) < Tf(])

Tre sequel of guess values for Tf are then iterated among themselves

0

we must select another guess value T , and vice versa.

until a value of Tf is found which yields T(0) = TO to within a

desired accuracy.

It is clear that the appropriate value of T_ will gencrally differ

f
from the room temperature TR' Consequantly, a second abrupt variation

in temperature 15 necoded at time tf to reach the prescribed vaiue of TR'

With the ceptiral temperature-path thus determined, the stresses
. , . . + .
at all times ¢, and in particular at t = tf, can be deterniined by the
numerical, time-discretized, cvaluation of (14).
A particuler simplification occurs for a “power law" response, as

axpressed in (123, wien the shift-factor function is given hy
a(T) = erj (- i B) (18)
In this case it has been shown [5] that the optimal path is

given by

7= Lo (19)

where

- q R _ )
¢ = ICERE and L = K pxp(CTO)
while K is determined as the root of the transcerdental equation
S I
1lg+1
5 , q
kelTo - | @5l * Cte)
((‘[ + 1A
Substitution of (16) and (19) into (14) yields, after several

manipulations:
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t 2l Rl -q
q Q] d
o(t) = (QL - QT)EO f Q[(K + C1) - (K + Ct) J+ to z +TCT
‘ 0
B 1 -
slolx - (k+et) ¥ vt ] (r, -1 b (20)
0 1 0
t
5 al
. -B 9
: In (20) Q = (q + V)Ae ~ L
! At t = t;, o(t;) is obtained by setting t; in place of t in (20). !
i
' 1
: At t = tf:
}
o(th) = o(tD) + (o = ap)Ent (T, - T,) (21)
f f L T'5070 ' f R’
5.  Numerical Computations and Fesults
The numerical evaluation of (20} was obtained by discretizing
!
the time L. For this purpose the interval te was divided into n equal
: ’ sub-intervals st = t./n and n intermediate values cf tine
: i‘ tJ = (j - Vs, 3 =13,2,...nt1 were considered. 3
" The temjeratures Tj = T(tj) are obtained directly from (19). ]
S , a
The stress oy = o(t]) = a(07), immediately after the initial i
}\ 3
' '.i., drop from TI io TO’ is given by %
\ E!
i ¢ -q B
N o = lop = epdEoty Ty = To) (#2)
: i
. while the stresses av all subscequent tines, during ccol-down, are given i
4 by
. .
il‘
té,
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1

. 9 ) a -q
= (a, " a)E é..t_ZJ [[Q<(K+Cti+]) 9. (K+Ctj+]) Q>+ tO]
T ¢ i=] I_ K + Ct'i+'l
-1 B
+ B((K+Cti) q._ (K+C_tii‘]) q)>+ tOJ—q
K+Ct.
i
L i
¢ 9 \ q -q
" (K T ettyy) S ) vl (T - T) (23)

with j = 1,2,...n.

The stress at t;, following the cosl-down from T, = In L

f K+th
to TR’ is obtained from (21).

O] —

Numerical computations were carried out for the following material
parameters:

(a) Compliances and moduli:

s, = 0.5277 x 1077 (psi)”! Sy, = -0.1887 x 1077 (psi)”!

-7 -
SHES Sctq S; = 5.634 x 107" (psi)”' q = 0.18

SC = 0.235 x 107/ (psi)-] per(min)o']8'

These compliances were fitted into a relaxation-modulus given in

(13), with £y = 238 x 107 psi anc t, = 5.711 x 10

0 min.
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(b) Coefficients of thermal expansion:

= -0.17 x 10°% in/in/1°K = 7.94 x 10°% in/in/1°K

GL C!T

T, = 450°K(=350°F) 7

I = 297°K(=75°F)

R
(c)} Shift-factor function

a(T) = exp(- % +B) T in degrees Kelvin, A = 6.284

B = 47.265.

Results are shown in Figs. 2 and 3. In Fig. 2 the optimal
temperature paths T(t) and the ensuing stresses o(t) are shown for
cool-down times te = 31 min. (solid lines) and te = 100 min. (dashed
lines).

Note the discontinuities n the paths T(t) and o(t) at t = 0 which
are independent of tf.

A second discontinuity occurs at the termination of cool-down when
both optimal paths sustain sharp drops which lower the temperature down
to TR = 297°K. These drops are accompanied by sudden increases in
o(t). Observe also the typical steepening of the path T(t), and the
accompanying stress path o(t), for the shorter value of te. Ue also
observe that while T(t) decreases monotonically during cool-down the
stress o(t) oscillates at short times.

Fig. 3 demonstrates the reduction of residual thermal stress

¥ . . . . ,
o(tf) with cooling time te. Note that reductions of about 257 are
attained.

6.  Summary and Conclusions

The analysis presented herein, which draws upon relevant data
for graphite-epoxy laminates, indicates that substantial reductions
in the residual thermal stress due to cool-down can be achieved by
following an optimal cooling paih in timc. Several approximations
were employed in modeling the visco = elastic response of the laminate.
These include the averaging of the initial compliance, the utilization
of an approximate form for the relaxation modulus, and the assumption
that data from aged composites applies to freshly cured laminates. Those
approximations and assumptions will merit more careful consideration in

the future. 136
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Figure Titles:
Fig. 1: A Symmetric Laminate Consisting of Equal Humber of 0° and 90°
Piies.

Optimal Cool-Down Paths T(t), and the Acconpanying Values of
the Thermal Stress c¢(t), Vs. Time t During Cool-Down, for Two
Values of Cool-Oown Time, tf = 31.6 min. (Solid Lines) and

tr =300 min. (bashed Lines) 7 in °K and o in psi. Note the
Sudden Urop at t = 0 from Ty = 43C° K to Tg = 443.72° K
fccompanied by a Sudden Pise in Stress to §5.1 psi.

ro

Fig.

Fig. 3: The Residual Stress o(t;), at Termination of Cool-Down,
Along Optimal Path, Vs. Cocling Time t¢ (in Minutes).
Note the Logarithmic Scale for ts. o in psi. The Elastic
Value of 1900 psi is shown by 3 Dashed Horizontal Lire.
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